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The citrate-condensing enzyme was isolated as a crystalline 
protein from pig heart by Ochoa et al. (1). These workers re- 
ported that pig heart contained considerable quantities of the 
condensing enzyme. We were surprised when we obtained much 
higher yields of this enzyme from pig heart tissue with a differ- 
ent extraction procedure (2). This observation led to a purifi- 
cation procedure that yields 30 mg of crystalline condensing 
enzyme from 100 g of pig heart in 3 to 4 days. Using the new 
extraction procedure, we have also reinvestigated the condensing 
enzyme content in a number of tissues. 

Sedimentation and diffusion coefficients were determined for 
this enzyme, and its approximate molecular weight and turn- 
over number were calculated. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


The following materials were commercial preparations: CoA 
(Pabst Laboratories and Sigma Chemical Company), DPN 
(Pabst Laboratories), DPNH and malate dehydrogenase (C. F. 
Boehringer and Sohne, Mannheim, Germany), Sephadex G25 
(Pharmacia, Upsala, Sweden), DEAE-cellulose (Brown Com- 
pany). Acetyl-CoA was prepared by the method of Simon and 
Shemin (3). 

Condensing enzyme was assayed in the three ways described 
by Ochoa (4): (a) citrate formation assayed colorimetrically (5), 
(b) OAA! production measured by DPNH formation in the 
presence of excess malate dehydrogenase; and (c) acetyl-CoA 
disappearance as measured by the decrease in absorption at 233 
mu. 

The citrate formation assay was carried out according to the 
procedure of Ochoa (4). Routine assays for activities were 
made with the malate dehydrogenase-coupled system (1). Pro- 
tein was determined spectrophotometrically by the method of 
Warburg and Christian (6). 

The uncoupled assay followed at 233 my was performed in 
cells with a 0.5-cm light path and containing 100 umoles of 
Tris-HCl buffer, pH 8.0, 0.6 umole of OAA (freshly prepared 
and neutralized with solid KHCOs;), and 0.22 umole of acetyl- 
CoA in a total final volume of 1.5 ml. The reaction was initiated 
by the addition of enzyme (usually 10 wl). The decrease in ab- 
sorbancy was linear for 4 minutes as long as the rate was less 
than 0.040 unit per minute. The change in absorbancy at 233 
my is due to both the cleavage of the thiol ester bond and the 


* Supported in part by a grant from the Michigan Memorial 
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Service (A2252C). 
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1 The abbreviation used is: OAA, oxaloacetate. 


utilization of OAA. Calculation from values reported in the 
literature (7, 8) would lead one to the combined molar absorbancy 
index of 5.9 x 10%. When this value was redetermined experi- 
mentally by allowing the reaction to go to completion with 
known concentrations of OAA (determined by use of the malate 
dehydrogenase assay), the combined molar absorbancy index 
was found to be 5.4 X 103. 

Calcium phosphate gel (12 to 15 mg dry weight per ml) was 
prepared by the method of Keilin and Hartree (9). Assays for 
malate dehydrogenase, isocitrate dehydrogenase, aconitase, and 
fumarase were carried out as described by Ochoa (10), Massev 
(11), and Anfinsen (12), respectively. 

One unit of enzyme activity is that amount of enzyme that 
catalyzes the formation of 1 umole of citrate per minute at 25°. 
Specific activity is expressed as units per mg of protein. 

All rates are initial velocities and units are expressed at 25°. 
The temperatures were measured at the end of each reaction by 
a Fenwal No. GB32P8 immersion thermister connected to a 
Wheatstone bridge circuit. The influence of temperature on 
initial velocities was determined, and the variations in rate due 
to slight temperature fluctuations were corrected to 25° with 
the use of this data. Initial velocities varied about 6.7 % per 
degree when the temperature was approximately 25°. 


RESULTS 


Extraction—Pig hearts obtained fresh at the slaughter house 
were packed in ice and carried to the laboratory where they were 
trimmed of fat and connective tissue, and cut into 3-inch cubes. 
The tissue was divided into 100 g portions and weighed into 
plastic bags, which were then sealed and placed in the deep 
freeze. Less enzyme can be extracted from fresh tissue than 
from frozen tissue. No loss in activity occurred in 3 to 6 months 
of storage of the frozen tissue. Unless otherwise noted, all 
operations were performed at 0-3°. 

Frozen pig heart, 100 g, was placed in a cold Waring Blendor 
containing 400 ml of 0.4 m KCl in 20% ethanol at —10° (4 
volumes of 0.5 m KCI plus 1 volume of absolute ethanol) and 
homogenized for 10 minutes. The temperature rises to 20° 
during homogenization, but this does not cause a loss of activity. 
The homogenate was centrifuged for 15 minutes at 23,000 x g, 
and the supernatant fluid was dialyzed against 8 liters of cold 
0.002 m potassium phosphate (pH 7.4) for 2 hours. The outside 
fluid was then changed and dialysis continued for another 2 
hours. The dialysate was centrifuged at 23,000 x g for 15 
minutes, and the precipitate was discarded. This dialysate is 
stable overnight at 3°. 

Ammonium Sulfate Fractionation—Ammonium sulfate, 31.3 g, 
was added to each 100 ml of dialysate, and the mixture was 
stirred for 15 minutes. The precipitate was removed by cen- 
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trifugation at 23,000 x g for 15 minutes; 13.5 g of ammonium 
sulfate were added to each 100 ml of the supernatant fluid, and 
this mixture was stirred for 15 minutes. The precipitate, col- 
lected by centrifugation, was dissolved in a small amount of cold 


TABLE I 
Purification of condensing enzyme 








| Total units* | Specific 
| for 100 g activity 
Ethanolic KC] extract.............. | 2350 | 0.35 
Ammonium sulfate, 50-70%. ......... 2170 | 1.6 
Combined DEAE-cellulose eluate. . . 1460 | 10.5 
I Caicos pore erinnee nha 1110 25.8 
Second crystals 
NS SE OT TET ET ree | 270 33 
ea iad peat dicu ci- eink ie | 425 33 





* Units are expressed in terms of the coupled malate dehydro- 
genase assay (340 my). 


TaBLeE II 
Extraction of condensing enzyme from pig heart 
Fresh pig hearts were extracted twice with 0.02 m potassium 
phosphate, pH 7.4, according to the procedure of Ochoa et al. (4). 
Fresh tissue was also extracted twice with 0.4 m KCl in 20% etha- 
nol (1 part tissue to 10 parts solvent) in a water-cooled Waring 
Blendor for 5 minutes. The range given is for five different sam- 








ples. All the units are expressed in terms of coupled malate de- 
hydrogenase assay (340 my) per g of tissue. 
Solvent | —- | Protein = Moen 
| M | mg = 
Phosphate, pH 7.4........ | 0.02 | 29.4 | 0.073 | 2.1 
KCl in 20% ethanol......| 0.4 | 135 0.28 | 30-44 
SI 3 hon Wate enh 0.25 | | 31* 
| | 34t 








* The 10% homogenate in 0.25 m sucrose of fresh pig heart tis- 
sue was assayed directly in the citrate colorimetric assay. 

+ An aliquot of the sucrose homogenate was extracted with 
ethanolic KCl in a Waring Blendor and then assayed by the cou- 
pled malate dehydrogenase assay. 


TaBLeE III 
Distribution of condensing enzyme 

Fresh samples of tissue (each 10 g) were extracted twice in 10 
volumes of 0.4 m KCl in 20% ethanol for 5 minutes in a water- 
cooled Waring Blendor. A third extraction was found unneces- 
sary. For each extraction, the homogenate was centrifuged at 
20,000 X g for 15 minutes, and the supernatant fluid was assayed 
by the coupled malate dehydrogenase assay (340 mu). No indi- 
cation of interfering DPNH oxidase activity in the supernatant 
fluids was found. The units are expressed in terms of the 340-myz 
assay. The values given for rabbit tissue are for single extrac- 
tions of frozen tissue. The pigeon muscle was breast muscle. 











Animal | Heart Liver | Kidney | Muscle 
| units/g tissue 
Ee ee =e 1 te 10.8 | 
aati sra ca sans nied ies 33 | 3.1 10.5 16.8 
a eee 39 2.8 | a 3.1 
See ers Bh ej SS hn as 
ee ee 31 | ra | 49 
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H,0 (10 to 20 ml). This fraction was stable overnight at 3°. 
The salts were removed either by dialysis against 0.002 m potas- 
sium phosphate or by use of a Sephadex G-25 column. We 
routinely placed the fraction on a column containing 100 g of 
Sephadex (4.5 X 35 cm) and collected the H.O eluate until the 
resistance of the solution (measured in a conductivity cell) was 
equal to the resistance of a 0.002 m potassium phosphate (pH 
7.4) solution. The removal of salt with Sephadex was carried 
out at room temperature. The salt-free enzyme was stable 
overnight. 

DEAE-cellulose Chromatography—The enzyme solution was 
placed on a DEAE-cellulose column (4.5 20 em) which had 
been previously equilibrated with 0.002 m potassium phosphate, 
pH 7.4. The original extract can be chromatographed without 
a preliminary ammonium sulfate concentration step if the initial 
dialysis is thorough. Usually, we have used the ammonium 
sulfate step. The column was washed with 1 liter of 0.002 m 
potassium phosphate, pH 7.4, 2 liters of 0.008 m potassium phos- 
phate, pH 7.4, then with 0.018 m potassium phosphate, pH 7.4. 
The flow rate of effluent from the column was 20 ml per minute, 
and approximately 800 ml fractions were collected. The enzyme 
first appeared in the eluate at about the 4th liter of 0.018 m 
potassium phosphate, pH 7.4, and continued to be eluted until 
the 10th or 11th liter of effluent had been collected. The later 
fractions had so little protein that accurate determinations were 
difficult. Some fractions from the column gave estimated spe- 
cific activities close to that for pure condensing enzyme. The 
enzyme can also be purified by a batch procedure in the follow- 
ing way: the salt-free enzyme is added to 35 g of DEAE-cellu- 
lose in 1 liter of 0.002 m potassium phosphate, pH 7.4. After 
filtration, the cellulose was washed with two 1-liter portions of 
0.002 m potassium phosphate, pH 7.4, two 1-liter portions of 
0.008 m potassium phosphate, pH 7.4, and then with seven 1- 
liter portions of 0.018 m potassium phosphate, pH 7.4. The 
cellulose was collected by filtration on a Buchner funnel. 

The fractions containing the bulk of the activity either from 
the column procedure or batch procedure were combined and a 
5% volume of calcium phosphate gel was added. The mixture 
was allowed to stand overnight, and the gel was collected either 
by centrifugation or by decantation and centrifugation. The 
enzyme was eluted from the gel with two washings of 50 to 75 
ml of 50% saturated ammonium sulfate (neutralized to pH 7.4). 
We have occasionally concentrated the enzyme in a flash evap- 
orator at room temperature without loss of activity. 

Ammonium Sulfate Precipitation and Crystallization—Solid 
ammonium sulfate was added to the ammonium sulfate eluate 
to 70% saturation (specific gravity 1.175). The precipitate was 
collected by centrifugation (23,000 x g for 15 minutes), dis- 
solved in potassium phosphate, 0.02 m, pH 7.4 (protein concen- 
tration above 20 mg per ml), and crystallization was induced by 
slow addition of ammonium sulfate (either solid or saturated 
solution). Crystallization was allowed to proceed for 3 days at 
3°. Crystals could be obtained (as judged by the “silkiness” 
of the precipitate) from solutions containing as little as 2 mg of 
protein per ml. When the protein concentration was low, pre- 
cipitation was never complete and additional ammonium sulfate 
was added to the supernatant fluid to recover the activity. The 
results of a complete purification are shown in Table I. 

Comparison of Assays—The specific activities, expressed as 
micromoles of citrate formed per mg of protein at 25°, show 
pronounced differences when condensing enzyme is assayed by 
the three available methods. The highest figure is obtained 
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with the thiol ester cleavage assay (followed spectrophotomet- 
rically at 233 my), and if it is assigned a value of 1.0, then the 
coupled citrate formation assay (followed colorimetrically) is 
0.61 and the assay coupled to malate dehydrogenase (DPNH 
formation followed at 340 my) is 0.38. Ochoa (4) has reported 
a ratio of 0.70 between the last two assays, and our value is 0.62, 
which is in fair agreement. Because the rate of the reaction 
coupled to malate dehydrogenase is slowest, perhaps the level 
of OAA is at too low a steady-state level and below the concen- 
tration needed for maximal velocities. 

Extraction—A comparison of several extraction methods is 
shown in Table II. The amount extracted by the KCl-ethanol 
method is in good agreement with the amount found in a sucrose 
homogenate of the tissue. Using the KCl-ethanol extraction 
procedure, we found essentially the same relative distribution 
as Ochoa et al. (1), but with substantially more enzyme in each 
of the tissues investigated (Table III). Inasmuch as pure con- 
densing enzyme has a specific activity of about 30 and one can 
find 36 units per g in heart tissue, this would correspond to 1.2 
mg of condensing enzyme per g wet weight of heart or 1.1% of 
the total extracted protein. 

Tests for Other Enzymes—The following activities were not 
found in 10 ug of condensing enzyme: fumarase, aconitase, 
isocitric dehydrogenase. Malate dehydrogenase is the most 
difficultly removed contamination, but was found to be less than 
1 part in 1000 after three recrystallizations. 

Physical Constants—The sedimentation coefficient (13) of 
twice recrystallized condensing enzyme was determined in a 
Spinco model E ultracentrifuge at protein concentrations of 
17.3, 12.5, and 10.0 mg per ml. Values were corrected for 
changes in viscosity and for changes in temperature. The values 
were 4.2, 4.2, and 5.0 Svedberg units, respectively, in 0.02 m 
potassium phosphate buffer, pH 7.4, at 20°. The diffusion co- 
efficient (13) of 7.5 X 10-7 cm? per second (20°) at infinite time, 
as calculated from Rayleigh fringe patterns, was measured in a 
Spinco electrophoresis apparatus. Twice recrystallized condens- 
ing enzyme was used at a concentration of 3.7 mg per ml in 0.20 
M potassium phosphate buffer, pH 7.4, at 1°. The diffusion 
was followed for 70 hours. These values give a molecular weight 
of 56,000, assuming a partial specific volume of 0.70 ml per g 
and with a value of 5.0 S for the sedimentation coefficient. Be- 
cause we do not have a complete study of the effect of protein 
concentration on the sedimentation and diffusion coefficients, 
this value is an approximate one. The turnover number based 
on the thiol ester cleavage assay (233 my) is 4,400 moles of citrate 
per minute per mole of enzyme at 25°. The ratio of absorbancy 
at 280 mu to 260 my is 1.80 for the enzyme. 

Microscopic examination of the crystals prepared with this 
method showed slender needles very similar in appearance to the 
crystals obtained by Ochoa et al. (1). A sample of crystalline 
condensing enzyme, which had been stored at 3° for several 
years, was kindly furnished by Dr. Ochoa and was found to have 
a specific activity of 27. 


DISCUSSION 


The high concentration of citrate-condensing enzyme in heart 
tissue is well correlated to the high Qo, of this tissue as well as 
the high concentrations of other proteins, such as cytochrome c, 
concerned with aerobic oxidations (14). Since the citrate con- 
densing enzyme is probably located in mitochondria of cells, it 
is not surprising that the relatively mild phosphate extract of 
Ochoa et al. (1) did not remove more than,5% of the total en- 
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zyme. ‘The conditions used at present, ethanolic-KCl, although 
fairly drastic, have been effective in the extraction of several 
mitochondrial enzymes. Inasmuch as the same activity is seen 
in a sucrose homogenate, the ethanolic-KCl extraction seems 
to be without harmful effect on the enzyme. 

Availability of large quantities of pure enzymes has enabled 
more detailed investigation of mechanisms involved in enzyme- 
catalyzed reactions. The procedure described here -results in 
the isolation of 30 mg of enzyme rather easily in 3 to 4 days 
from 100 g of tissue. With the estimated molecular weight of 
56,000, 0.5 umole of enzyme is obtained from one purification 
procedure. With this amount, one can look for reactions be- 
tween enzyme and substrate by conventional means. 


SUMMARY 


Extraction of pig heart with 0.4 m KCl in 20% ethanol showed 
that the citrate-condensing enzyme content was about 20 times 
that previously reported. Examination of a number of other 
tissues also showed larger quantities of citrate-condensing en- 
zyme than earlier reports. 

A purification procedure was developed starting with this new 
extract that yields 30 mg of crystals from 100 g of pig heart. 
The sedimentation coefficient and diffusion coefficient for this 
enzyme were determined and the molecular weight is estimated 
to be 56,000. The turnover number for this enzyme can thus 
be calculated to be 4,400 moles of citrate per minute per mole of 
enzyme at 25°. 
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Kinetic derivations are available (1, 2) that allow a choice 
between several possible mechanisms of two substrate reactions. 
Kinetic analyses of such enzymatic reactions have yielded 
significant information regarding the mechanism of the enzymes 
(3,4). We have studied various kinetic properties of the citrate- 
condensing enzyme reaction 


Acetyl coenzyme A + oxaloacetate + H.0 @ 
_ citrate + coenzyme A + Ht 


to elucidate possible mechanisms and to interpret deuterium 
isotope rate effects (5). We have found that at high concentra- 
tions of one substrate, the second substrate exhibits kinetics that 
fit conventional equations for a one-substrate system. But a 
study of changes in apparent Michaelis constants (K’,) and 
changes in apparent maximal velocities (V’ max) as one substrate 
concentration is lowered has given results that do not fit con- 
ventional analyses for two-substrate systems. 

A study of the effect of pH on the velocities of the forward 
and reverse reactions and on the apparent Michaelis constants 
of the substrates is also reported along with a study of the 
effect of temperature on the rate of the forward reaction. 


EXPERIMENTAL PROCEDURE 


Materials—Citrate-condensing enzyme was prepared as 
described in the previous paper (6). Acetyl-CoA was prepared 
according to the method of Simon and Shemin (7). Solutions 
of a commercial sample of OAA! were prepared and neutralized 
daily with solid KHCO; or with basic Tris. CoA was obtained 
from Sigma Chemical Company and Pabst Laboratories, and 
malate dehydrogenase, DPN*+, and DPNH were obtained from 
Boehringer and Son, Germany. 

Acetyl-CoA and OAA concentrations were measured enzy- 
matically by the 233-my thiol ester cleavage assay (6). In these 
cases, however, the citrate condensation reaction was followed 
to completion in the presence of excess enzyme (20 ug of enzyme) 
and 0.02 to 0.06 umole of the substrate being measured. In a 
1.0 ml volume and 1.0-cm light path reaction cell, 1 umole of 
either substrate caused a change in absorbancy of 5.4 (6). 

Assays—The rate of the forward reaction was measured by 
following the thiol ester cleavage and OAA utilization spectro- 
photometrically at 233 my (6). A limitation is placed upon 
kinetic measurements when this system is used. The upper limit 


* Supported in part by a grant from the Michigan Memorial 
Phoenix Project and a grant from the United States Public Health 
Service (A2252C). 

¢ Predoctoral research fellow of the National Institutes of 
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for acetyl-CoA concentration is about 0.2 mm (with a 0.5-em light 
path cell) because higher concentrations require higher sensi- 
tivity settings for the Cary spectrophotometer, which result in a 
high noise level in recording and, therefore, an inaccurate rate 
determination. Usually, concentrations of 0.16 mm acetyl-CoA 
and 0.4 mm OAA were used. This means that at the optimal 
pH, acetyl-CoA concentration is ~12 times the K,, (cf. below). 
Increasing the concentrations of acetyl-CoA to 0.25 mm (~20 x 
K,,) or OAA to 2.2 mm (~200 X Kn), however, has no measur- 
able effect on the initial velocity at pH 8.1. 

The rate of the forward reaction was also followed spectro- 
photometrically at 340 my with a system coupled to malate 
dehydrogenase, DPN*+, and potassium malate (8). 

The rate of the reaction in the reverse direction was followed 
in a system coupled to malate dehydrogenase and DPNH (9). 
The reaction cell (1.0-em light path) contained 100 wmoles of 
total buffer (as indicated below), 50 umoles of potassium citrate, 
0.5 umole of CoA assayed according to the method of Srere (10), 
200 units of malate dehydrogenase and 0.12 umole of DPNH 
in a total volume of 1.0 ml. The reactions were started by the 
addition of 20 ul of a solution containing 25 wg of enzyme. This 
system gave a linear decrease in absorbancy at 340 my for 3 
minutes when the rate was less than 0.040 absorbancy unit per 
minute, and was linearly dependent on enzyme concentration 
up to the same rate. 

Units—Rates are expressed as micromoles of substrate turned 
over per minute per wg of enzyme at 22.0°. The amount of 
enzyme used was calculated on the basis of a specific activity of 
24 umoles of substrate turned over per minute per mg of enzyme 
(1.0 ml, final volume, 1.0-cm light path) in the coupled malate 
dehydrogenase (340 my) assay at 22.0° (8). 

In this paper we use the following terms: 
the initial velocity of the reaction measured with high 
concentrations of both substrates. In most cases, v9 corresponds 
closely to the maximal velocity (Vmax). Where vo is measured 


vo = 


with low concentrations of substrates, it will be pointed out 
specifically. 
Vmax = the maximal velocity at infinite concentrations of 


both substrates as obtained by extrapolation to the intercept 
(1/V max) in a Lineweaver-Burk plot (1/vo versus 1/s) (11). In 
these systems, the initial velocities (vo) were measured under 
varying concentrations of one substrate while the concentration 
of the second substrate was as high as was possible in the assay 
system. 

K,, (moles liter-!) = the Michaelis constant, which is the 
slope/intercept value taken from the same 1/v9 versus 1/s plots, 
described above, used to calculate the Vmax values. 

V’ max = the apparent maximal velocity at infinite concentra- 
tion of only one substrate as obtained by extrapolation to the 
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intercept (1/V’ max ) in 1/v9 versus 1/s plots. Inany given system, 
the initial velocities (vg) were measured under varying concen- 
trations of one substrate while the second substrate was kept at 
a low concentration. 

K’,,(moles liter-!) = the Michaelis constant, which is the 
slope/intercept value taken from the same 1/v9 versus 1/s plots, 
described above, to calculate the V’ max values. 

Temperature—Temperatures were measured at the end of 
each assay by a Fenwal No. GB32P8 immersion thermistor 
connected to a calibrated Wheatstone bridge circuit. The fluc- 
tuations in rate because of slight temperature variations were 
corrected to the rate corresponding to 22.0°. Rates were cor- 
rected to 22.0° because most of the measurements were made 
very close to this temperature. 

For the temperature-dependent studies water at a given tem- 
perature was circulated around the cell chamber of a Zeiss spec- 
trophotometer. The reaction mixture was equilibrated to the 
experimental temperature and the reaction was started by the 
addition of enzyme. The temperature was measured after 4 
minutes of reaction. The temperature of a cell varies less than 
0.05° during 4 minutes of reaction. 

pH and Ionic Strength—The pH of each reaction cell was 
measured at the end of the reaction with a Beckman model G 
pH meter. Buffers were made by mixing 1 m solutions of these 
buffer pairs: NaHCO; and Na2CO; (above pH 9), Tris and ace- 
tic acid (pH 7 to 9), imidazole and acetic acid (pH 6 to 8), and 
acetic acid and sodium acetate (pH 4 to 5.6). Each cell con- 
tained 100 umoles of buffer mixture. A study of ionic strength 
effects on initial velocities showed no effect until very high salt 
concentrations were reached. All the present studies are well 
within these limits. 


RESULTS AND DISCUSSION 


Assay—The time course of the forward reaction, with use of 
the thiol ester cleavage assay (233 my), is shown in Fig. la. 
The initial velocities (vo) of Reactions 1, 2, and 3 are linearly 
dependent on the enzyme concentration. Although the enzyme 
catalyzes a reaction between the three substrates, acetyl-CoA, 
OAA, and H,0, none of these are initially limiting under the 
assay conditions, and only one, acetyl-CoA, becomes limiting 
during the course of the reaction. Such a system behaves as a 
one-substrate reaction and could be described by the integrated 
rate equation of Walker and Schmidt (12). Their equation 
contains both a zero order and a first order term, and a plot of 
(So) — (S,)/t against In((S»)/(S,))/t should be linear. When 
Reaction 3 from Fig. la is plotted in the Walker-Schmidt plot 
(Fig. 1b), a linear relationship is obtained from 10 to 90% of 
reaction. 

Temperature—The effect of temperature on the initial rate of 
reaction (v9) was studied with the thiol ester cleavage assay (233 
my). Near 22°, a change of rate of 6.7% per degree is observed. 
When the vo values, which were calculated from Walker-Schmidt 
plots or found graphically from the initial slopes of plotted 
Zeiss readings, were used in an Arrhenius plot, a series of experi- 
mental points were obtained such that the average slope of the 
points below 20° gave an activation energy of 13,700 calories 
and the average slope above 20° gave 9,700 calories. Several 
groups have pointed out that such a plot theoretically should 
result in a gradual change of slope (13, 14). Possible interpreta- 
tions of such a curve are reviewed by Dixon and Webb (15), and 


tion to the by Koshland (16), and include the following: an over-all process 
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233myp ASSAY 





ENZYME 























Fig. 1. 


a. The time is in seconds. 
path) contained Tris-acetate buffer, pH 8.5, 100 umoles; OAA, 
0.6 umole; acetyl-CoA, 0.23 umole; and water, to make the final 


Each cuvette (0.5-cm light 


volume of 1.5 ml. The reaction was started by the addition of 
20 ul of a solution containing 0.42, 0.63, and 1.26 ug of crystalline 
condensing enzyme for Curves 1, 2, and 3, respectively. Curve 4 
shows the total reaction with an excess of enzyme. 

b. In the Walker-Schmidt plot of Reaction 3 of Fig. 1a, the sub- 
strate concentration (S) of acetyl-CoA is expressed in micromoles 
per ml and, in this case, the time (7’) is given in minutes. Sp is 
the initial concentration of acetyl-CoA and S; is the concentra- 
tion after time (7') of reaction. 


involving two successive reactions with different coefficients; 
two different enzyme forms of differing activity; reversible in- 
activation of the enzyme. 

Effect of pH—Fig. 2 shows the pH dependence of vp for the 
coupled reaction studied in the forward and reverse directions as 
well as for the uncoupled forward reaction. In addition to a 2.6- 
fold difference in vp values between the coupled and uncoupled 
assays of the forward reaction (6), a small shift is observed on 
their pH curves. Inasmuch as the forward and reverse reaction 
rates show two pH maxima, any scheme postulated should in- 
clude at least two ternary complexes (17). The pK, and pK, 
for the forward direction are 6.5 and 10.1, whereas those for the 
reverse direction are 5.2 and 7.1, calculated according to the 
method of Alberty and Massey (18). The theoretical curves 
(solid lines) for the dependence of reaction velocity on pH are 
also shown in Fig. 2. These curves are calculated from the 
equation for the velocity, vp at a given pH, developed by Alberty 
et al. (19). 





Bo Vou max (1 + 2 V Ki /Ks) 
1 + (H*)/K, + K»/(H*) 


This equation is based on the theory that “reversible loss of 
catalytic activity may result from ionization of acidic and basic 
groups of the enzyme.” In Equation 1 “V px max is the maximal 
initial velocity at the optimal pH, and K, and Ky, are acid 


vo 


(1) 
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DEPENDENCE OF RATE OF CONDENSING 
ENZYME ON pH 
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Fic. 2. @——@, thiol ester cleavage assay at 233 mu; O——O, 
340-myp malate dehydrogenase coupled assay forward; A——A, 
340 mz malate dehydrogenase coupled assay reverse. Rates are 
expressed as percentage of the velocity at optimal pH. The 100% 
values at 22.0° are 6.2 X 10-2 umoles per minute per ug of enzyme 
(233-mu thiol ester cleavage assay) at pH 8.5, 2.4 X 10-2 umoles 
per minute per ug of enzyme (340-mz malate dehydrogenase for- 
ward) at pH 8.5, and 2.5 X 10-8 umoles per minute per ug of en- 
zyme (340-mu malate dehydrogenase reverse) at pH 6.1. The 
solid lines represent the theoretical curves (18) of reaction veloc- 
ity versus pH as derived from Equation 1. 


dissociation constants for groups in the enzyme molecule when it 
is saturated with substrate.” 

In the reverse reaction (Fig. 2)., there is a good correspondence 
between the vp values and the theoretical curve. 

In the forward uncoupled reaction measuring thiol ester cleav- 
age at 233 my), in Figs. 2 and 3a, there is good correspondence 
between experimental points (vo) and the theoretial curve on the 
acid side of the curve. On the basic side of the curve, however, 
the data for this uncoupled assay show a deviation from the 
theoretical curve (Fig. 3a). This deviation of vo from the theo- 
retical curve on the basic side of the pH curve arises from the 
limited concentration of acetyl-CoA that must be used in the 
reaction cell. The Vmax values on the basic side can be derived, 
however, from the Lineweaver-Burk plots of acetyl-CoA (at 
high OAA concentration). These Vax values correspond well 
to the theoretical curve (Fig. 3b). But the values taken from 
the Lineweaver-Burk plots for OAA on the basic side are 
actually V’ max values because the K,, of acetyl-CoA increases 
10-fold from pH 8.7 to 9.7 (Fig. 3c). 

The effect of pH on the Michaelis constants? of acetyl-CoA 
and OAA, obtained from Lineweaver-Burk plots, is shown in 
Fig. 3c. The K,, values for acetyl-CoA are obtained from 1/v9 
versus 1/(acetyl-CoA) plots at high concentrations of OAA (0.4 


2 As will be seen in the later discussion, a possible mechanism 
for this reaction has a K,, that is a complex function of continu- 
ally changing value. The meaning, therefore, of the change of 
Km with pH is exceedingly difficult to interpret. We have, for 
purposes of the discussion on pH versus K,, assumed an upper 
limit of Km because this is a practical observation under practical 
assay conditions, and we have used the usual interpretations put 
on such changes. 
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umole per ml) throughout the pH range. The K,, values for OAA 
were measured at high concentrations of acetyl-CoA (0.16 umole 
per ml) up to pH 8.7. Above pH 8.7, only K’,, values for OAA 
could be measured because the acetyl-CoA concentration at this 
PH is too low. 

From plotsof pK’, and log V max versus pH (Figs. 3b and 3c), the 
pK values of the enzyme-substrate complex can be determined 
(15). The breaks in the curve on the acid side seem to occur 
at pH 6.5 to 7.5. Because on the basic side, the pK of the en- 
zyme-substrate complex of the reverse reaction is within this 
range (pK, 7.1), it may be that there is one dissociating group 
of the enzyme-substrate complex involved in both the forward 
and reverse reactions (18). The pK, calculated for the reverse 
reaction, 5.2, corresponds to the reported pK; for citric acid of 
5.4. Thus, the acid side of the pH curve of the reverse reaction 
may be a result of association of tribasic citrate to dibasic citrate. 

The K,, values (mole liter ) of CoA and citrate at the optimal 
activity (pH 6.1) of the reverse reaction are 2.8 x 10-5 and 2.5 
x 10-*. These values were measured from Lineweaver-Burk 
plots at high and constant concentrations of the other substrate 
(50 mo citrate and 0.25 mm CoA). 

No effect of the various buffers (at these concentrations) 
was observed at several overlapping pH values. From pH 5.5 to 
10.0, only a small fraction of the decrease of activity of the 
enzyme can be accounted for by irreversible denaturation. 

Kinetics of Condensing Enzyme Reaction at Low Substrate 
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Fig. 3. a. The vo values are taken from Fig. 2, with use of the 


233-my thiol ester cleavage assay for the forward reaction. The 
solid curve is the theoretical curve derived from Equation 1. 

b. @——@, Vmax values derived from 1/vp versus 1/(acetyl- 
CoA) plots; O O, Vmax values derived from the 1/vo versus 
1/(OAA) plots. Velocities were determined with the 233-myz 
thiol ester cleavage assay. The solid curve represents the theo- 
retical curve derived from Equation 1. 

c. @—®, K,, values for acetyl-CoA; O O, K’'m values 
for OAA. The values are derived from the 1/v9 versus 1/(S) plots 
for each substrate, with the 233-myz thiol ester cleavage assay. 
The dotted line joins the K, values for acetyl-CoA at high con- 
centrations of OAA (see text). 
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Fic. 4. Each reaction cell (1.0-cm light path) contained 200 
pmoles of Tris-acetate buffer pH 8.3, varying concentrations of 
OAA and acetyl-CoA adjusted to pH 8.3, 20 ul of enzyme solution 
(diluted in a solution containing 1 mg of serum albumin per ml of 
0.02 m potassium phosphate, pH 7.4) containing 0.18 ug of three- 
times recrystallized citrate-condensing enzyme, and water to 
make the final volume 1.50 ml. 

The rates (vo) are expressed as micromoles of substrate turned 
over per minute per 0.18 ug of enzyme at 22°, and the substrate 
concentrations (S) as micromoles per ml. 

a. The concentrations of acetyl-CoA are: O——O, 9.2 X 10-5; 
@—@, 1.2 X 10°°; BH, 2.3 x 10-*; A——A, 1.2 10°; 
oO——O, 1.4 X 10 moles liter“, resulting in K’, for OAA of 
2.2 X 10-8, 4.2 X 10-*, 9.2 K 10-8, 1.3 X 10-5, and 1.3 X 10-5 moles 
liter~!, respectively. 

b. The concentrations of OAA are: O——O, 1.9 X 10-5; 
@—®@, 3.9 X 10°; 0O—D, 78 X 10-*; B——8, 3.9 X 10°; 
A——A, 78 X 10~ moles liter“, resulting in K’» for acetyl-CoA 
of 4.0 X 10-8, 7.2 X 10-*, 9.6 X 10-8, 1.2 X 10-5, and 1.2 x 10-5 
moles liter, respectively. 
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Concentrations—The Lineweaver-Burk plots (11) (1/vo versus 
1/(OAA)) for OAA at low concentrations of acetyl-CoA is shown 
in Fig. 4a and those for acetyl-CoA (1/v9 versus 1/(acetyl-COA)) 
at low concentrations of OAA in Fig. 4b. A plotof 1/V’ max versus 
1/(S) (Fig. 5) shows that a Vinax of 3.92 < 10° moles of substrate 
turned over per minute per mole of enzyme (molecular weight 
56,000) at 22° is reached at infinite concentrations of both 
substrates. It can be seen from the graphs (Fig. 4, a and b) that 
at successively lower concentrations of one substrate, the slopes 
of the Lineweaver-Burk plots (of the second substrate) decreases 
while both K’,, and V’max decrease. Such graphs for other 
two-substrate systems, however (3, 20, 21), show increasing 
slopes (from Lineweaver-Burk plots of one substrate), with 
successively decreasing concentrations of the other substrate. 
The K’,, in these cases usually remains constant or increases. 

Certain mechanisms of two-substrate reactions can be elim- 
inated as possible mechanisms for condensing enzyme because 
of the form of the kinetic results. These include the unlikely 
assumption of a ternary collision leading to an active ternary 
complex (22), the formation of a binary complex (23), and a 
two-substrate reaction in which the two substrates interact 
(activation of one substrate by the other) before the ternary 
complex is formed (1, 15). 

The most general and plausible mechanism for a two-substrate 
reaction is the following: 


ky 
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‘ — E + products 
EB+A =< EAB 
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The solution of the kinetics of this mechanism has been presented 
by Segal (1), Ingraham (23), and Dixon (15). The rate expres- 
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Fia. 5. The data for this graph are taken from Fig. 4a and b. 
The V’max values are expressed in micromoles per minute and the 
concentrations (S) as micromoles per ml. @——@, V’max for 
OAA (taken from Fig. 4a) versus 1/acetyl-CoA); O——O, Vmax 
for acetyl-CoA (taken from Fig. 4b) versus 1/(OAA). 
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sion is a complex one which does not allow analysis by conven- 
tional methods (24). Several limiting cases of the mechanism, 
however, do allow kinetic analysis. Thus, if k3; and k; are as- 
sumed to be zero, the resulting mechanism (referred to as an 
ordered reaction sequence) can be solved for the equilibrium and 
steady-state conditions. When ky is assumed to be small in 
respect to ks or ks, another mechanism results (referred to as 
the random reaction sequence under equilibrium conditions), 
for which the rate expression has also been solved. In all three 
of these mechanisms, i.e. the ordered reaction steady state, 
ordered reaction equilibrium, and random reaction equilibrium, 
the rate expression predicts that the slopes 


[om (3) 


of 1/vo versus 1/(A) plots would increase with decreasing B 
concentration. This is clearly opposite to the results obtained 
with condensing enzyme. Tests of our data in the derivations 
of the random equilibrium systems by the method of Florini and 
Vestling (25) and Dalziel (26) lead to the same conclusions. 

We are unable to test the general steady-state derivation 
for a random addition of substrates. The equation does predict, 
however, varying degrees of nonlinear behavior depending on 
the ratios of the rate constants. 

Our data seem to indicate that there is some competition of 







1) ORD. EQUIL! 
2) rano. Equi. sore = AA 4) 
3) ORD. ST. ST. 






4) COMP. INHIB. 
stores At ano 8) 





| ! 1 = 
20 40 3= 60 80 100 120 
| 


(8) 


Fig. 6. The straight line was drawn with a positive slope indi- 
cating the behavior of the slopes from 1/v» versus 1/(A) plots as a 
function of 1/(B) for kinetic expressions of two-substrate systems, 
with the assumption of an ordered addition of substrates (1) and 
a random addition of substrates under equilibrium conditions 
(2) and for an ordered addition of substrates under steady-state 
conditions (3). This line was made to pass through the experi- 
mental points at high concentrations of B, which for mechanisms 
1, 2, and 3 are closest to the usual intercept on the ordinate. 

Curve 4 is the theoretical curve (with a negative slope) calcu- 
lated from Dalziel’s equation. The vertical lines indicate the 
extremes of the slopes taken from our data (Fig. 4a). The slope 
values are in units of minutes ml“! X 10" for 1 mole of enzyme, 
and the 1/(B) values are in units of micromoles ml. 
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the substrates for the sites on the enzyme. A one-substrate 
system with a competitive inhibitor present has a term for the 
slope (Lineweaver-Burk plot), in which increases of inhibitor 
concentration increase the slope (slope = f(J)). This clearly 
happens with at least one substrate in our case. There must 
also be a term that allows the intercept (1/V’ max) to decrease 
at a slower rate than the slope with increasing concentrations 
of the second substrate. This system could be explained pos- 
sibly by such a mutually competitive inhibition mechanism. 

Dalziel (27) has derived steady-state kinetic expressions for 
two-substrate enzyme reactions where one substrate acts as 
an inhibitor in an ordered reaction sequence. For such a 
sequence with two ternary complexes 
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Dalziel (27) has derived the following expression: 
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in which a plot of e/vp versus 1/(A) gives a straight line with the 
indicated slope. The total enzyme concentration is expressed 
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then the slope will increase when (B) increases, whereas the 
intercept will decrease as (B) increases. On the basis of this 
rate expression, one would predict that a plot of the intercept 
(1/V’ max) against 1/(B) would give a straight line with an inter- 
cept at (1/ks + 1/k; + 1/ky + ke/kskz) and a slope 


(kak; + kako + kskz) 
ksksky 





Fig. 5 shows such a plot for both substrates which gives straight 
lines with a positive slope and intercept, thus conforming to that 
part of the rate expression. 

In addition, this mechanism predicts that a plot of the slopes 
of the Lineweaver-Burk plots against 1/(B) will give a curve 
which shape is shown in Fig. 6. This curve was obtained by 
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method of successive approximations with the first derivative 
function of the slope expression. The slope expression predicts 
that at very low concentrations of (B) the slope will start to in- 
crease (not fully shown on graph), and that at very high con- 
centrations of (B) the slope will approach infinity. Our data 
are plotted also in Fig. 6, and in a general way fit the curve. 
Our inability to use much higher and much lower concentrations 
prevents us from a complete test of this mechanism. We have 
shown that we can rule as improbable the simpler two-substrate 
mechanisms because the plots of slopes against 1/(B) for such 
mechanisms show a straight line with a positive slope, which is 
clearly different from our results. 

The present data on citrate-condensing enzyme show an 
unusual kinetic behavior. Whether or not the proposed competi- 
tive inhibition mechanism is valid, as with any other kinetic 
analysis, must await testing with other methods. 


SUMMARY 


The study of the effect of pH on Vmax and K,, for the citrate- 
condensing enzyme is reported. Different pH optima are found 
for the forward and reverse reactions. 

At low substrate concentrations the system does not fit con- 
ventional two-substrate kinetics. Several kinetic derivations 
for two-substrate reactions have been considered and were found 
not to apply to this system. The data do fit, however, Dalziel’s 
kinetic expression for a two-substrate enzyme reaction in which 
one substrate acts as a competitive inhibitor. 
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Isotope rate effects have been used successfully to study the 
mechanisms of a number of organic reactions (1, 2). The use of 
deuterium, either replacing H,O with D.O or by replacing hy- 
drogens on substrates with deuterium, has been especially useful. 
The magnitude of the isotope rate effect when a hydrogen atom 
is removed or added in a rate-determining step can be as large 
as 6 to 7. Earlier work on enzyme-catalyzed reactions run in 
D.0 instead of H,O showed isotope rate effects (ky:kp) from 
0.8 to 1.3 (3-6), but little attempt was made to interpret these 
results in terms of enzyme mechanisms. 

More recently, the isotope rate effects on various enzyme 
reactions have been used to help interpret mechanisms of 
enzymatic reactions. For example, the lack of an isotope rate 
effect in the fumarase reaction when deuteromalate was the 
substrate enabled Alberty et al. (7) to eliminate certain mecha- 
nisms proposed for this enzyme; Seltzer et al. (8) have studied 
oxaloacetate decarboxylation both enzymatically and nonenzy- 
matically, using this technique; Mahler and Douglas (9) have 
applied it to the study of alcohol dehydrogenase; Bentley and 
Bhate have studied the mechanism of mutarotase using D.O 
(10); and Flavin and Slaughter (11) have observed a full isotope 
rate effect of 6.7 when the reaction catalyzed by threonine syn- 
thetase takes place in D.O. 

These authors, among others, have discussed the difficulties 
and limitations of these techniques when applied to enzyme- 
catalyzed reactions. When such a reaction proceeds in D.O, 
one must consider the effect of several possible changes. Protein 
structure will be altered because of the replacement of hydrogen 
bonds with deuterium bonds. The pK values of groups on the 
enzyme-substrate complex are changed because all labile hy- 

drogens are replaced, and the affinities of substrates may also 
change so that observed kinetic effects must be interpreted 
cautiously in reference to enzyme mechanism. 

The reaction catalyzed by the citrate-condensing enzyme 
(Reaction 1) has been studied by several groups, with deuterium 
and tritium exchange techniques. 
Acetylcoenzyme A + oxaloacetate + H.O0 = (1) 

citrate™ + coenzyme A + Ht 
Marcus and Vennesland (12), using D.O, and Bové e¢ al. (13), 
using T,O, have shown that no exchange between the hydrogen 
of water and the hydrogen of the methyl group of acetyl-CoA 


* Supported in part by a grant from the Michigan Memorial 
Phoenix project and a grant from the United States Public Health 
Service (A2252C). 

¢ Predoctoral Research Fellow of the National Institutes of 
Health. 


takes place in the presence of condensing enzyme unless oxalo- 
acetate is present. Studies by Englard (14), as well as the studies 
of Bové et al. (13), have led to the conclusion that the keto form 
of oxaloacetate is the substrate for the reaction. 

The reaction catalyzed by the condensing enzyme must involve 
a removal of a proton from the methyl] carbon of acetyl-CoA. 


O O 
A TS a 
CH;C—SCoA = L-CH:—C—SCoA_} + H* 


Bové et al. (13) have suggested that the proton removal in this 
reaction is rate-limiting. If the removal of this proton is the 
rate-limiting step in the reaction, or if it occurs at a rate near that 
of the rate-limiting step of the over-all reaction, then the sub- 
stitution of deuteroacetyl-CoA for acetyl-CoA should show an 
isotope effect if one compares the maximal velocities for these 
two substrates. 

The reaction also involves one molecule of water in a hydrolysis 


(2) 


reaction. This reaction might be of the type 
O O 
VA @ _ (3) 
RCH;C—SCoA_| + H:0 = RCH.C—O- + CoA-SH + Ht, 
or as suggested by others (15, 16), 
O 
VA 
CH, O CH.C—O- 
I\ 4 
| ot + H.0 + Ht (4) 
— R,—C—OH 
H 


It is postulated that observing the reaction in D,O can give us 
information regarding the role of H.O in this hydrolysis. As 
pointed out above, the substitution of D.O for HO will lead to 
many changes that could affect the rate of the system so that 
the interpretation of such data presents many more difficulties. 
Here again, one must compare whenever possible the Vmax 4.0: 
Wade D20- 

Because of possible changes in pK values of the enzyme and 
substrates in D.O, we have studied the isotope rate effect as it 
varies with pH(pD). We feel that the nature of the results 
indicates that part of the isotope rate effects are due to changes 
in the pK values of the enzyme-substrate complex, but part of 
the effect must be explained in other ways. 


EXPERIMENTAL PROCEDURE 


A. Enzyme—The condensing enzyme used in these studies 
was prepared by our purification method (17). 
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B. Assays—The assay of condensing enzyme measuring thiol 
ester cleavage of acetyl-CoA at 233 my is described in the 
previous paper (17). 

The rates of reaction were also followed in a system coupled to 
potassium malate, DPN*, and malate dehydrogenase by measur- 
ing the change of absorbancy at 340 my due to the formation of 
DPNH (18). We used a more concentrated system in the pH 
studies, as described in detail elsewhere (17). 

The rate of the reaction in the reverse direction was followed 
in a system coupled to malate dehydrogenase and DPNH (19). 

Rates of reaction are expressed as the number of micromoles of 
substrate turned over per minute at 22°. All the reaction rates 
in this paper are initial velocities (v9) of the reaction studied. 
In most cases, these initial velocities are obtained at high con- 
centrations of both substrates where further increases of sub- 
strate concentrations in the reaction mixtures have no appreci- 
able effect on these initial velocities. We have also shown that 
the initial velocity (under our assay conditions) is quite close in 
value to the quantity usually referred to as Vmax (maximal ve- 
locity or maximal initial velocity), which is obtained from a plot 
of 1/vp against 1/acetyl-CoA or 1/OAA! when the other substrate 
is held at a constant high concentration. 

When we report isotope rate effects as ky:kp or ku,o:kp,o, 
we are comparing, whenever possible, initial velocities under 
assay conditions that give maximal rate and are close to the 
values obtained when the ratio is Vinax # tO Vmax p. Whenever 
there are deviations from these conditions, they will be pointed 
out specifically. 

C. Deuterium—For the systems assayed in heavy water the 
same reagents used in the H,O systems were made up in D.O. 
The D.O (99.8 atom % excess D) was purchased from the United 
States Nuclear Corporation. Redistillation of the D2O had no 
effect on the reaction rates. 

The deuteroacety]-COA was made from CoA (Sigma Chemical 
Company) and deuteroacetic anhydride 99 atoms % excess deu- 
terium (New England Nuclear Corporation) according to the 
method of Simon and Shemin (20). 

D. Spectrophotometer—The spectra and the rates of reaction 
were measured in a Cary spectrophotometer. The chart speed 
was either 10 or 20 seconds per division. Measurements of 
concentrations were made in a Beckman model DU spectropho- 
tometer. 

E. Temperature—The temperatures were measured at the 
end of each reaction by a Fenwal No. GB32P8 immersion 
thermistor connected to a Wheatstone bridge circuit. The 
variations in rate because of slight temperature fluctuations 
were corrected to 22.0° by use of a temperature-dependence 
curve (19). 

F. OAA and Acetyl-CoA Determination—Acetyl-CoA and OAA 
concentrations were measured with the 233-my thiol ester 
cleavage assay (18). Use of acetyl-CoA, purified by paper 
chromatography (21), did not affect reaction rates. 

G. pH—The pH of each reaction cell was measured at the end 
of the reaction with a Beckman model G pH meter. pD for the 
D,O systems was obtained by adding 0.4 unit to the pH reading, 
as described by Lumry et al. (22). This calculation has received 
recent experimental confirmation by Glascoe and Long (23). 

Buffers were made by mixing 1 M solutions of the buffer pairs 
in D,O: Na,CO; and NaHCO; (above pD 9); basic Tris and 


1 The abbreviation used is: OAA, oxaloacetate. 
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acetic acid (pD 7 to 9); imidazole and acetic acid (pD 6 to 8); 
and acetic acid and sodium acetate (pD 4 to 5.6). The rates 
of the reactions were not affected by the various buffers them- 
selves, or by changes in ionic strength that took place during the 
course of these experiments. 


RESULTS 


A. Assay—aA difficulty arose with the use of D.O in the 233- 
my thiol ester cleavage assay. We found that OAA in DO 
gave a pronounced ultraviolet absorption due to the enol group 
when the solid acid was dissolved in D,O buffered to pD 8.0, or 
when the pD of the OAA solution (D.O) was changed. The 
spectrum showed a strong peak at 255 my and an increased 
absorption at 233 my, which decreased within a half-hour as the 
keto acid was formed. The reaction cell was therefore incubated 
before the assay or the pD of the OAA solution in D.O was 
adjusted to the pD of the buffer in the reaction cell. D.O has 
no effect on the extinction coefficient of acetyl-CoA, and no 
significant effect on the extinction coefficient of OAA after 
equilibrium is established. 

B. D.O Concentration—The effect of varying D.O concentra- 
tion on the 233—my thiol ester cleavage assay is shown in Fig. 1. 
This curve is typical of the results of other reactions when D,O 
produces an isotope rate effect. 

C. pD Dependence of Forward Reaction—The effect of D+ 
concentration on the forward reaction, with the 233-my thiol 
ester assay, is shown in Fig. 2. In the graphs of enzyme rates, 
initial velocities versus pD, we have included pH data reported 
in a previous paper (19) for ease of comparison. The variation 
of the isotope rate effect as a function of pH(pD), plotted in Fig. 
6, shows a maximum of ky,o:kp,o of 3.8 at pH(pD) 7.5. 

D. pD Dependence of Reverse Reaction—The effect of D+ 
concentration of the reverse reaction is shown in Fig. 3. The 
change of the isotope effect with pH(pD) plotted in Fig. 6 shows 
a maximum of ku,o:kp,o of 2.1 at pH (pD) 6.2 and no isotope 
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Fia. 1. Dependence of the isotope rate effect on D2O concen- 
tration. The uncoupled 233-myz thiol ester cleavage assay was 
used. The buffer used was 1 m Tris-HCl, pH 8.0, made up in 
H:0 for the systems of higher H20 percentage; for the systems of 
higher D.O percentage, this Tris buffer was evaporated to dry- 
ness and taken up in D.O. 
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rate effect at pH(pD) 7.5. The isotope effect for the similar ~ sh 
coupled malate dehydrogenase 340-my assay, but measured in 2 i re: 
the forward direction as described in ‘Experimental Procedure,” - qu 
is shown in Fig. 4. The malate dehydrogenase was in sufficient WwW H..0 on 
excess so that a full isotope rate effect on it would not affect e 2 
the rate of the condensation reaction. 3 gk th 
E. pH Dependence of Isotope Rate Effect with Deuteroacetyl-CoA— a rat 
The pH dependence of condensing enzyme activity with deutero- ~ D, 
acetyl-CoA and acetyl-CoA is plotted in Fig. 5. This isotope Mk! th: 
effect of ku/kp 1.4 shows no significant variation (Fig. 6) with rs} 
pH. The deuteroacetyl-CoA showed identical Ry (0.62) with Ss 4- 
acetyl-CoA when run in an ethanol-acetate solvent system as 3 
described by Stadtman (21). The ratios of absorbancy at 260 e 020 
my to 233 my for acetyl-CoA, deuteroacetyl-CoA, and CoA are > 
1.8, 1.84, and 3.65, respectively. The absorption at 260 muy is 0 
due to the adenine portion of the molecule; the 233-my absorp- y 
tion is due mainly to the thiol ester bond. l l l ! 1 
4 6 8 10 12 
pH (pD) 
= 020+ Fic. 4. The dependence of the rate of condensing enzyme on 
Zz pH(pD) with the 340-my assay. The coupled malate dehydro- 
Ss genase 340-mu assay was used (0.46 ug of condensing enzyme in a 
ul final volume of 1.0 ml). 
on 
Oo 
= 
o10f 
° 
- - 
a. 
S > 04 _ 
oi 
2 F 
OOO am) 7 data 
1 1 n 1 1 = 
4 6 8 10 2 — o2L 
PH (pD) - 7 
Fig. 2. The dependence of the rate of the forward reaction on sd q 
pH(pD). The 233-mz thiol ester cleavage assay was used (17) 
(0.34 ug of condensing enzyme in a final volume of 1.5 ml). 
ooL ste 
~~ 
e | | l l N 
oO 4 6 8 10 12 
x 8b pH a 
z H.0 Fig. 5. Th pH dependence of the rate of condensing enzyme +¢ 
= 2 in a system with Ds-Acetyl-CoA. The uncoupled 233-mp thiol gong 
wo SF ester cleavage assay (0.66 ug of enzyme in a final volume of 1.5 tc 
ul ml) was used with deuteroacetyl-CoA, replacing acetyl-CoA in CoA) 
oO the lower curve. , 
= ek 
= F. Effect of Deuterium on K»—The Michaelis constants for 
Ps acetyl-CoA measured at pD 6.5, 8.5, and 9.5 are 1.2 xX 10-5, 
~ “. D0 5.6 X 10-°, and 3.1 x 10-5, respectively. The K,, values for Th 
OAA at these pD values are 1.1 xX 10-5, 1 Xx 10-*, 8.8 x 10-5| ao 
The ratios of the K,, values measured in H,O and D.0 are shown| : toa 
Or in Table I. The K,, values for acetyl-CoA and deuteroacetyl-} 
| Il | 1 1 CoA are 1.3 X 10-5 and 6.6 x 10-® at pH 8.0. 
3 6 8 10 12 These K,, values (expressed as moles liter-'), which are slope/| — 
intercept values, were calculated from 1/vp versus 1/s plots at} | 
pH (pD) P : song Acet 
ae ee — ant , varying concentrations of one substrate while the concentration} “sh | 
1G. 3. e dependence of the rate of the reverse reaction on : . t . The e 
pH(pD). The assay used was the coupled malate dehydrogenase of the ene —— oe - sete _ pecan se me » Acety! 
340 my for the reverse reaction (17) (29 ug of condensing enzyme ™€4ning 0 _ m Values in a two-substrate system has = Deute 
in-a final volume of 1.0 ml). thoroughly discussed by Ingraham and Makower (24). They)_ 
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showed that for several postulated mechanisms of two-substrate 
reactions, at high substrate concentrations, these constants have 
quite analogous forms to the conventional K,, derivation for a 
one-substrate system. 

G. Deuteroacetyl-CoA in D,O—When deuteroacetyl-CoA is 
the substrate for the reaction in D.O, a slightly enhanced isotope 
rate effect is seen. Table II shows that the isotope rate effect in 
D.O at pH(pD) 8.36 for deuteroacetyl-CoA isku : kp of 2.7, whereas 
that for acetyl-CoA is ku:kp of 2.4. The rate ratio of 2.4 
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Fic. 6. The dependence of isotope rate effect on pH(pD). 


The 
data are taken from Figs. 2, 3, 4, and 5. 


TaBLeE I 
Effect of D2O on Km and Vmaz* 




















Km.820:Km,D20 kH20:kp20 
pH(pD) 
Acetyl-CoA OAA From vot From Vmaxt 
6.5 0.8 2.5 3.6 | 3.9 
8.5 3.4 ~16.0 os. ws 
9.5 6.3 1.6 10 | 1.3 





* Thiol ester cleavage assay (233 my). 

+ Calculated from the initial rates of the reaction under optimal 
conditions. 

t Calculated from Lineweaver-Burk plots 1/v9 versus 1/(acetyl- 
CoA) at high and constant concentrations of OAA. 


TABLE II 
Deuteroacetyl-CoA in D2O 
The 233-my thiol ester cleavage assay was used at pH(pD) 8.36 
_ and 22° (17). Each reaction was started with the addition of 20 


ul of a DO solution of condensing enzyme (0.76 ug in a final 
' volume of 1.5 ml). 





System 2 | ky:kp 





pumole/min | 
0.0476 + 0.0010 
0.0328 + 0.0006 
0.0205 + 0.0005 
0.0183 + 0.0003 


Acetyl-CoA in H.O.................. 
Deuteroacetyl-CoA in HO 
Acetyl-CoA in D.O.................. 
Deuteroacetyl-CoA in DO 








1.4 
2.4 
2.7 





XUM 


G. W. Kosicki and P. A. Srere 2 


2569 


may vary for a given determination (cf. Fig. 6), because the. 
rate in D,O is very sensitive to pD in this region and slight 
changes in rate have a marked effect on the ratio. These de- 
terminations, however, were carried out as a unit under identical 
conditions of concentrations, temperature, and pH(pD). Trip- 
licate assays showed a 2% variation or less in the initial veloci- 
ties measured under conditions of high concentrations of both 
substrates. We consider as significant the decrease in rate 
from 0.020 umole per minute to 0.018 umole per minute 


when deuteroacetyl-CoA is substituted for acetyl-CoA in the 
D.O system. 


DISCUSSION 


The citrate-condensing enzyme reaction involves a proton 
removal from acetyl-CoA and a condensation with OAA to 
form citrate. In analogous chemical reactions involving aldol 
condensations, proton removal has been found rate-limiting 
(25). We found an isotope rate effect ku:kp of 1.4 when acetyl- 
CoA was replaced by deuteroacetyl-CoA. Although this is 
considerably less than the maximal calculated isotope effect of 
6.7, itis still possible that this proton removal is rate-limiting. It 
is known that isotope rate effects of the order of 1.4 and lower 
are observed in reactions where deuterium substitution in a 
molecule causes a secondary isotope rate effect. Indeed, Mahler 
and Douglas (9) in their careful study of the effects of DPND 
and CH;CD.OH on the alcohol dehydrogenase reaction concluded 
that part of the effects observed were probably due to a strong 
secondary isotope effect on the binding of the substrates to the 
enzyme. On the other hand, Melander (2) discusses from a 
theoretical viewpoint why isotope rate effects of much less than 6.7, 
and indeed as low as 1.3, have been observed due to a primary 
isotope effect, 7.e. the breaking of a deuterium bond at a rate- 
limiting step. The slight but significant increase of isotope 
rate effect of deuteroacetyl-CoA in D.O, as well as the effect 
in HO, leads us to agree with the postulate of Bové et al. (13) 
that this proton removal occurs at a rate-limiting step or at a 
rate close to the rate of a rate-limiting step. 

The exchange in a D,O medium of the active methylene 
hydrogens of OAA probably does not affect the reaction rate. 
Englard has shown (14) that it is the keto form of OAA that 
condenses with acetyl-CoA, and in this form no hydrogen-bond 
cleavage is involved. We examined the pH(pD) curves for the 
coupled malate dehydrogenase 340-my assay and the uncoupled 
233-my thiol ester cleavage assay to control the possible effects 
of various deuterated forms of OAA. The OAA has less pos- 
sibility of enolization and exchange with the D.O medium in 
the reaction system coupled to malate dehydrogenase because 
the equilibrium of the over-all reaction is far in favor of citrate 
formation (14). Because there is no gross difference in the shapes 
of the two curves for the reaction in either system, we can con- 
clude that the deuterated OAA is not involved in the isotope 
rate effect. 

The use of high concentrations of substrates giving maximal 
velocities eliminates the effect of ionization of the free enzyme 
and substrate on the K,,, and so greatly simplifies the discussion. 
Although all rates reported here are initial velocities (vo), they 
are close to the values of the maximal initial velocities (V max) in 
most cases, because increases in substrate concentrations did not 
lead to increases in the initial velocities. Further, it can be 
noted that in the coupled assay for the forward reaction where 
initial velocities at high pH can be run under conditions of high 
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substrate concentration, the effect of pH(pD) on the isotope rate 
effect, although not identical, gives the same general form. 

In the region pH(pD) from 8.5 to 10.5, there is some deviation 
of V max from vp, probably due to an increase of Kn for acetyl-CoA 
of 10-fold in that region (19). However, this deviation probably 
does not affect the interpretation of the data. As seen in Table 
I, ku:kp values calculated from initial velocities or from V max 
values measured from plots of 1 /vo versus 1/(acetyl-CoA) at high 
and constant concentrations of OAA are in good agreement both 
in H.O and in D.O, at pH(pD) values of 6.5, 8.5, and 9.5. 

The dissociation of the enzyme-substrate complex (26), 
with varying pH, can be represented by the following scheme, 
in which RXY represents the enzyme-substrate complex: 


aa a D. & 
Rn — R’ =soee RY 
\ +H* My +H* ~. 

Y—H Y—H : 

Inactive Active form Inactive 


Exchange in the D.O medium would form RX-D and RY-D 
groups on the enzyme-substrate complex, and the cleavage of 
such bonds in rate-determining steps would give rise to isotope 
rate effects. The RXD(YD) groups would have higher pK 
values because of the stronger deuterium bonds. Michaelis 
(27) and Alberty and Massey (28) have calculated that altering 
the pK of the active group of the enzyme-substrate complex has 
the effect of changing the pH-activity curve in a manner similar 
to that observed when the condensing enzyme activity as a 
function of pD is compared to its pH dependence (Fig. 3). If 
the increase in activity from pH 5.5 to 8.5 is due to increasing 
amounts of RX~ on the enzyme-substrate complex, then we see 
the isotope effect as a decrease in activity because at a. given 
pD less of that form is present. If the decrease in activity in the 
pH range from 8.5 to 10.5 is due to the disappearance of a group 
RY—H(RY—D), then one would expect a stimulation in D.O 
since at a given pD more RY—D is present. This behavior 
has also been observed in D,.O in acid-catalyzed reactions (2). 

The average shift of pK values (28) in D.O for the forward 
reaction was found to be 0.9 for both pK, and pKy. The pK 
shifts are in the correct order of magnitude, compared to the data 
compiled by Glascoe and Long (23), for the shift of pK values 
of weak acids in DO. These calculations support the explana- 
tion of the pH(pD)-dependent isotope rate effect; namely, that 
the isotope effect arises in part from the cleavage of an R—X—D 
(R—Y—D) bond on the enzyme-substrate complex, and that 
with increased pH(pD) the isotope effect apparently disappears 
because of the increased pK value. The shift of pK values for 
the reverse reaction of pK, 0.8 and pK, 0.1 are variable. The 
values are consistent, however, with increased pK values in a 
D.O system and are in the right order of magnitude for such 
shifts. 

The effects of D,O in the rate of the reaction might also be 
explained by its role in the hydrolysis of the postulated 6- 
lactone of citrate (15, 16) or some other intermediate. 


SUMMARY 


The citrate-condensing enzyme has been studied with D.O 
and deuteroacetyleoenzyme A. 


1. The magnitude of the isotope rate effect (ka:kp = 1.4), with 
deuteroacetylcoenzyme A, is independent of pH. 

2. The isotope rate effects of the forward and reverse reactions 
in D,O are of different magnitude and are pH(pD)-dependent. 
When the isotope rate effect of the forward reaction reaches its 
maximum (ky,0:kp,o 3.8 at pH (or pD) = 7.5), there is no 
effect on the rate of the reverse reaction. 

3. In both the forward and reverse reactions, the isotope rate 
effects invert on the basic side of their pH(pD) curves. 

4, The observations are discussed in terms of shifted pK values 
of groups on the active enzyme-substrate complex. 


Acknowledgments—We wish to thank Doctors W. Lands and 
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Carbohydrate Oxidation by Pseudomonas fluorescens 


VI. CONVERSION OF 2-KETO-6-PHOSPHOGLUCONATE TO PYRUVATE* 
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Glucose utilization by extracts of Pseudomonas fluorescens 
involves its oxidation to gluconate and 2-ketogluconate (1, 2) 
by cytochrome-linked dehydrogenases (1). 2-Ketogluconate is 
phosphorylated by an inducible kinase, which is distinct from 
gluconokinase, and 2-keto-6-phosphogluconate, the phosphoryla- 
tion product, has been isolated and identified (3). The con- 
version of 2-keto-6-phosphogluconate to 2 moles of pyruvate 
by the crude extract also has been demonstrated (3). Prelim- 
inary experiments showed that pyruvate produced from 2-keto- 
gluconate-C' was labeled qualitatively as though derived via 
the Entner-Doudoroff reactions involving dehydration of 6- 
phosphogluconate and cleavage of 2-keto-3-deoxy-6-phospho- 
gluconate; that is, the pyruvates from 2-ketogluconate-1-C™ and 
-6-C'™ were carboxyl- and methyl-labeled, respectively (4). In 
this connection, 6-phosphogluconate dehydrase and 2-keto-3- 
deoxy-6-phosphogluconate aldolase have been purified from P. 
fluorescens and their properties documented (5, 6). 

The phosphorylation of 2-ketogluconate has been found in 
many organisms grown on 2-ketogluconate, including Aerobacter 
cloacae (7), Aerobacter aerogenes (8), Leuconostoc mesenteroides 
(9), and others (10). 2-Keto-6-phosphogluconate has been 
isolated and characterized by DeLey (11). 2-Keto-6-phospho- 
gluconate reduction to 6-phosphogluconate by a pyridine nu- 
cleotide-requiring dehydrogenase and the further conversion to 
pentose phosphate and CO, also have been established (12). The 
2-keto-6-phosphogluconate reductase was 20 times more active 
with reduced triphosphopyridine nucleotide than with reduced 
diphosphopyridine nucleotide. 

The discovery of 2-keto-6-phosphogluconate reductase has 
facilitated a formulation of the reaction sequence for 2-keto- 
gluconate utilization in both L. mesenteroides and P. fluorescens. 
This paper reports the evidence for a pathway of 2-keto-6-phos- 
phogluconate utilization in P. fluorescens as shown in Fig. 1. 


EXPERIMENTAL PROCEDURE 
Bacteriological—Pseudomonas fluorescens, strain A 3.12, was 
grown at 26° in the glucose-salts medium of Campbell ef al. 
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t Present address, Department of Biochemistry, Michigan 
State University, East Lansing, Michigan. 


(13) as described previously (1). After inoculation (0.2%) and 
incubation on a rotary shaker for 13 to 14 hours, the culture was 
harvested by centrifugation and washed with 0.85% NaCl solu- 
tion. 

Materials—Sodium 2-ketogluconate was prepared essentially 
as described previously (3). 2-Keto-6-P-gluconate was prepared 
by phosphorylation of 2-ketogluconate with a purified kinase 
from A. aerogenes and isolated as described in the following 
paper (8). DPN, ADP, and ATP were purchased from the 
Pabst Laboratories. Oxidized and reduced pyridine nucleotides 
were commercial products of the Sigma Chemical Company. 
DPNH and TPNH were also prepared with ethanol or isocitric 
dehydrogenases, respectively. Fructose-1 ,6-diphosphate, GSH, 
and GSSG were purchased from Schwarz Laboratories. The 
fructose-1 ,6-diphosphate was purified by crystallization of the 
strychnine salt (14) and converted to the barium salt. dl- 
Isocitric lactone was obtained from California Corporation for 
Biochemical Research, protamine sulfate from Eli Lilly and 
Company, glucose-1-C™ and -6-C™ from the National Bureau of 
Standards, and benzoic acid-C“ from New England Nuclear 
Corporation. Primene JM-T was donated by Rohm and Haas 
Company. 2,5-Diphenyloxazole was purchased from Pilot 
Chemical Company. Celite 535 was obtained from the Johns 
Manville Company. 6-P-gluconic dehydrogenase free of glu- 
cose-6-P dehydrogenase was prepared by the method of Horecker 
(15). Alcohol dehydrogenase was the crystalline product of the 
Worthington Biochemical Corporation, and isocitric dehydro- 
genase was prepared from pig heart as described by Ochoa (16). 
Crystalline rabbit muscle aldolase was prepared by the method 
of Cori, Slein, and Cori (17). 

Determinations—2-Ketogluconate and 2-keto-6-P-gluconate 
were measured by a modification of the semicarbazide method of 
MacGee and Doudoroff (18), which included boiling the samples 
with semicarbazide reagent for 30 minutes. 2-Keto-6-P-gluconate 
was identified by the paper chromatographic method of DeLey 
(11). Pyruvate was estimated by the method of Friedemann and 
Haugen (19), and protein was determined by the procedure of 
Lowry et al. (20). Reducing sugar was determined by the Nelson 
modification of the Somogyi method (21). 

Radiochemical—2-Ketogluconate-1-C and -6-C' were pre- 
pared from glucose-1-C™ and -6-C™, respectively, by oxidation 
with a particulate fraction obtained from P. fluorescens (1). 
The oxidation was carried out in Warburg flasks at 27°. Each 
flask contained in 3.05 ml, 400 wmoles of potassium phosphate 
buffer, pH 7.5, 30 umoles of labeled glucose (approximately 9 x 
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Fig. 1. Pathway of 2-ketogluconate degradation in P. fluores- 
cens. 


10° c.p.m.), 0.1 ml of 40% KOH in the center well, and 2.0 ml of a 
suspension of particulate material prepared as follows. A cell- 
free extract, 25 ml, was centrifuged at 144,000 x g for 1 hour. 
The pellet was rinsed and then suspended in 5 ml of distilled 
water by shaking vigorously with ordinary glass beads. After 
glucose oxidation by the particles had ceased, the oxygen con- 
sumption corresponded to the amount required for conversion of 
glucose to 2-ketogluconate, i.e. 1 zmole of oxygen was consumed 
per umole of glucose added. The particulate material was re- 
moved by centrifugation, and the supernatant solution was 
heated and centrifuged. The second supernatant solution was 
frozen or used directly as the source of labeled 2-ketogluconate. 

Radioactive pyruvate from reaction mixtures was degraded 
to yield the individual carbon atoms by a method developed in 
cooperation with Dr. M. I. Krichevsky (22). Radioactivity was 
measured in a liquid scintillation spectrometer.’ 

Enzyme Assays—2-Keto-6-P-gluconate reductase activity was 
determined spectrophotometrically by measuring the rate of 
reduced pyridine nucleotide oxidation as the decrease in ab- 
sorbancy at 340 my. The reaction mixture in microcuvettes 
(6 = 1) contained 12.5 uwmoles of glycylglycine-HCl buffer (pH 
7.5), 0.1 umole of DPNH or TPNH, 1.5 umoles of 2-keto-6-P- 
gluconate, reductase fraction, and water to 0.5 ml. The assay 
was applicable to crude extracts as well as purified fractions. 
Crude extracts contained appreciable DPNH oxidase, but little 
TPNH oxidase. However, the increased rate of DPNH oxida- 
tion with added 2-keto-6-P-gluconate was proportional to enzyme 
concentration over a wide range (Fig. 2). 

Glyceraldehyde-3-P dehydrogenase activity was determined 
by following the reduction of DPN spectrophotometrically at 
340 mu (17). The reaction was carried out in 3 ml cuvettes (6 = 
1) equipped with Thunburg tube tops. The cuvettes were 
evacuated in order to lower the oxidation of DPNH. Each 
cuvette contained 5 uwmoles of sodium arsenate, 0.45 umole of 


1 We are indebted to Drs. Nystrom and Wolf of the Radiocar- 
bon Laboratory for aid and use of their liquid scintillation spec- 
trometer. 
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DPN, 30 umoles of GSH, 100 uwmoles of Tris-HCl buffer (pH 
7.5), 60 umoles of sodium fluoride, crystalline muscle aldolase, 
and the fraction being tested, in a total volume of 3 ml. 

GSH reductase was measured as the rate of TPNH oxidation 
(decrease in absorbancy at 340 my). The reaction mixtures 
described by Asnis (23) were modified to contain 240 umoles of 
potassium phosphate buffer, pH 7.4, 0.8 umole of TPNH, 5 
umoles of GSSG, and the cell-free extract being tested, in a total 
volume of 3 ml. 

Pyridine nucleotide transhydrogenase activity was measured 
with a coupled enzyme system described by San Pietro, Kaplan, 
and Colowick (24). Reaction mixtures in 3 ml cuvettes (6 = 1) 
contained 220 uwmoles of Tris-HCl buffer, pH 7.5, 0.4 umole of 
DPNH, 10 umoles of GSSG, 0.5 umole of TPN, and 0.1 ml of 
cell-free extract, in a total volume of 3 ml. The rate due to 
pyridine nucleotide transhydrogenase activity was calculated 
from the increased rate of DPNH oxidation after the addition of 
EPM. 

RESULTS 

In confirmation of the findings of DeLey and Verhofstede (12) 
in A. cloacae, cell-free extracts of P. fluorescens catalyze the 
reduction of 2-keto-6-P-gluconate in the presence of TPNH. 

The product of the reduction was identified enzymatically as 
6-P-gluconate by adding purified yeast 6-P-gluconic dehydro- F; 
genase to the reaction and following the reduction of TPN at 340g er 
my (Fig. 3). In these experiments, the utilization of 6-P- | a cu 
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Fic. 2. Spectrophotometric assay for 2-keto-6-P-gluconate re} Rer 
ductase. Reactions were carried out in 0.5 ml cuvettes (6 = 1)) added 
containing 12.5 umoles of glycylglycine-HCl buffer, pH 7.5, 0. 105 atirriz 
umole of TPNH or DPNH, 0.75 umole of 2-keto-6-P- gluconate} , 
and 2-keto-6-P-gluconate reductase (ammonium sulfate Fraction the ¢ 
II) in the quantities indicated. Velocities were determined from) centri 
the straight portion of the curve.” tion o 

2 The abbreviations used in the figures are: 2-KG, 2-ketoglu: raised 
conate; 2-K-6-PG, 2-keto-6-phosphogluconate; 6-PG, 6-phospho’ 0.72. 
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Fic. 3. Reduction of 2-keto-6-P-gluconate to 6-P-gluconate by 
a crude extract of P. fluorescens. The 3-ml reaction mixture in 
a cuvette (b = 1), contained 150 umoles of glycylglycine-HCl, 
pH 7.4, 60 umoles of MgCle, 0.5 umole of TPN, 0.3 ml of isocitric 
dehydrogenase, 30 umoles of NaF, 2.5 umoles of dl-isocitrate, 0.05 
ml of crude extract, 0.4 umole of 2-keto-6-P-gluconate and water. 
After most of the TPNH was oxidized, 0.175 unit of 6-P-gluconic 
dehydrogenase was added. The additions were made as indicated. 


gluconate by 6-P-gluconate dehydrase was inhibited by the 
addition of NaF (5). 


Purification of 2-Keto-6-P-gluconate Reductase 


Preliminary experiments revealed that in contrast to 2-keto-6- 
P-gluconate reduction in A. cloacae, both DPNH and TPNH 
served equally well as hydrogen donors for the P. fluorescens 
enzyme. To establish the pyridine nucleotide requirement for 
a coupled reaction with glyceraldehyde-3-P dehydrogenase, 
purification of the reductase was undertaken. All operations 
were carried out at 0-5°. Precipitates were dissolved in 107% 
m sodium EDTA, pH 7.5. 

Extraction—Cells from a 2-liter culture were suspended in 50 
ml of distilled water and subjected to sonic vibration for 10 
minutes in a 200-watt 10-ke sonic oscillator. Cellular debris 
was removed by centrifugation at 7,000 x g for 30 minutes and 
discarded. The fine particulate material was removed from the 
supernatant solution by centrifugation at 144,000 x g for 60 
minutes. The resulting crude extract (25 ml) contained 10 mg 
of protein per ml. 

Removal of Nucleoproteins—Solid ammonium sulfate was 

_added to 0.1 m concentration followed by the addition with 
stirring of 2% protamine sulfate (pH 5.0) equivalent to 20% of 
The precipitate was removed by 


nined from centrifugation and discarded. The resulting supernatant solu- 


6-phospho 


odoacetate! 


| tion of 28.8 ml contained 6 mg of protein per ml. This procedure 


~ 2-ketogluy raised the 280:260 my ratio from 0.60 for the crude extract to 
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Ammonium Sulfate Fractionation—Solid ammonium sulfate 
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was added to 0.35 of saturation (25). The precipitate was re- 
moved by centrifugation and discarded. Ammonium sulfate 
was then added to 0.60 saturation; the precipitate was collected 
by centrifugation and dissolved in 5 ml of EDTA buffer (am- 
monium sulfate Fraction I, 5 ml, 14.3 mg of protein per ml). 
The 280:260 my ratio was 1.22. 

Adsorption of Foreign Proteins with Calcium Phosphate Gel— 
Before treatment with calcium phosphate gel, the previous frac- 
tion containing 0.22 mM ammonium sulfate was diluted with an 
equal volume of 0.2 M ammonium sulfate to lower the protein 
level to less than 10 mg per ml. Calcium phosphate gel, 6.0 ml 
(9.68 mg dry wt per ml), was added by syringe. The mixture 
was stirred for 5 minutes, and the gel removed by centrifugation 
and discarded. Most of the color was removed from the super- 
natant solution (volume 13 ml, 1.2 mg of protein per ml). 
Although this treatment resulted in approximately a 2-fold 
purification, in other preparations, a greater purification has been 
obtained. 

Ammonium Sulfate Fractionation—Solid ammonium sulfate 
was added to the gel supernatant fraction. The precipitate ob- 
tained between 0.40 and 0.60 saturation contained the activity 
and was dissolved in 3 ml of EDTA buffer (ammonium sulfate 
Fraction II, 3 ml, 2.4 mg of protein per ml). The 280:260 mu 
ratio was 1.28. Ammonium sulfate Fraction II, which was 
purified 13-fold over the crude extract (Table I), was used to 
determine the properties of the enzyme. This fraction was \ 
stable when stored at —14° for 1 month. Ten-fold dilutions in 
distilled water were stable for several days when stored at 0°, 
but 100-fold dilutions lost activity under these conditions. 


Properties of 2-Keto-6-P-gluconate Reductase 


Substrate Specificity—The purified reductase did not reduce 
fructose-6-P or 2-keto-3-deoxy-6-P-gluconate, but did reduce 
2-ketogluconate at about 2% of the rate obtained with 2-keto-6- 
P-gluconate. The Michaelis constant (Km) was calculated for 
2-keto-6-P-gluconate from s/V versus s data according to Line- 
weaver and Burk (26) as shown in Fig. 4. With TPNH as the 
coenzyme, the K,, for 2-keto-6-P-gluconate was 3.8 x 10-4 m, 
whereas the K,, obtained with DPNH was 6.6 x 10-4 M. 

Coenzyme Specificity—As shown in Fig. 2, the rate of 2-keto-6- 
P-gluconate reduction with DPNH is about 72% as fast as with 
TPNH. Approximations of the K,, for TPNH and DPNH have 
been made from the rates obtained over a fairly wide range of 
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Fraction ole pros od —- Yield 
units* units/mg fold % 

Crude extract ccc css es. tne. 1900 7.6 100 

Protamine supernatant....... 2074 12.0 1.58 109 
Ammonium sulfate Fraction I 

(0.35-0.60 saturation)....... 1950 27.3 3.59 102 
Calcium phosphate gel super- 

MIE 553s oR Gee ¥ ake oh 780 50 6.60 41 
Ammonium sulfate Fraction 

II (0.40-0.60 saturation). ... 710 98.6 | 13 37 

















* One unit equals the amount of enzyme causing a change in 
absorbancy at 340 my of 1.00 per minute. 
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Reductase level TPNH DPNH 
unit Km 
0.032 3.8 X 10-4 
3.5 X 10-4 
6.5 X 10-4 
0.016 2X 10 
6.6 X 10-4 
0.008 1.1 xX 10-5 
0.004 3.6xX10* | 68x10 
Average 2.35 X 10-5 4.7 X 10-4 








nucleotide concentration. This type of measurement is usually 
limited by the relatively low levels of reduced pyridine nucleotide 
which can be determined spectrophotometrically due to their 
extinction. It has been possible, however, by use of a new photo- 
multiplier system (27) connected to a Beckman model DU 
monochromator, to record continuously the velocity of the 
reduction at very low enzyme levels and with both much higher 
and lower pyridine nucleotide levels than usually used. This 
method provided reasonably reliable velocity measurements and 
the data obtained were used to calculate the K» values for both 
DPNH and TPNH. The K,, values were calculated from 
straight lines obtained by plotting 1/V against 1/s and s/V 
against s. The results obtained are summarized in Table II. 
In one case, the 1/V versus 1/s data gave two possible straight 
lines. Both lines were drawn, and the K, values calculated 
from them were averaged. Thus, despite a lack of precision and 
some anomalous kinetic data at low enzyme concentrations, the 
results indicate that the average K,, for TPNH is approximately 
20 times lower than the average K,, for DPNH. 

Effect of pH—In Tris-HCl buffer the reduction of 2-keto-6- 
P-gluconate proceeds maximally at pH 7.4. Above pH 7.6 and 
below pH 7.2, the rate declines rapidly (Fig. 5). When DPNH 
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was used as the hydrogen donor, a relatively flat response was 
obtained over a pH range from 7.2 to 8.0. 

Activators and Inhibitors—The enzyme activity was not 
stimulated by the addition of divalent cations (Mg++, Mn++, 
Co++, Zn++). When DPNH was used as the coenzyme, Mg++ 
ions were inhibitory and Zn++ ions inhibited when either co- 
enzyme was used. With TPNH as hydrogen donor, the re- 
ductase was completely inhibited by 10-* m p-chloromercuri- 
benzoate, but was not inhibited by either 10-? m fluoride or 
EDTA. 


Pyridine Nucleotide Specificity of 

Glyceraldehyde-3-P Dehydrogenase 
Because the 6-phosphogluconate formed by the reduction of 
2-keto-6-P-gluconate is presumably degraded via the Entner- 
Doudoroff pathway in P. fluorescens, the possibility exists that 
oxidation of glyceraldehyde-3-P is coupled to the reduction of 
2-keto-6-P-gluconate, thereby establishing a continuous process 
of 2-keto-6-P-gluconate utilization. The coenzyme specificity 
of the glyceraldehyde-3-P dehydrogenase in this case might 
determine whether DPNH or TPNH is the hydrogen carrier in a 
coupled system. The specificity of glyceraldehyde-3-P de- 
hydrogenase was established with a cell-free extract prepared by 
sonically treating 5 g of dried P. fluorescens suspended in 100 ml 
of 10-* m GSH for 74 minutes followed by centrifugation. The 
results illustrated in Fig. 6 indicate that DPN is reduced after a 
15-minute lag, whereas TPN was not reduced in 1 hour. It 
has been shown previously (2) that in an open cuvette the lag 
results from the action of DPNH oxidase. However, after a 
time the oxygen in the cuvette is utilized, and thereafter DPNH 
























































accumulates. Because TPNH oxidation is essentially non- 
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Fie. 5. pH optimum for 2-keto-6-P-gluconate reductase. The 
0.5-ml reaction volume contained 19 umoles of Tris-HCl buffer at 


the pH levels indicated, 0.75 umole of 2-keto-6-P-gluconate, 0.1! 


umole of TPNH, and 0.054 unit of reductase. 
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existent in these extracts, TPN reduction, if any, would be 
visible immediately (2). DPN reduction required arsenate and 
was inhibited by 10-3 m iodoacetate. 


Pyridine Nucleotide Requirement for Conversion 
of 2-Keto-6-P-gluconate to Pyruvate 


Although 2-keto-6-P-gluconate reductase is active in the 
presence of either TPNH or DPNH, the somewhat faster rate 
obtained with TPNH and the 20-fold lower K,, support the 
probability that TPNH is the more active hydrogen donor in 
the reaction. Yet, from the specificity of glyceraldehyde-3-P 
dehydrogenase for DPN, it appears that generation of TPNH 
would be nonexistent or indirect. However, it is possible to 
visualize a reversal of pyridine nucleotide transhydrogenase in a 
coupled system as reported by San Pietro et al. (24) as follows: 


DPNH + TPN transhydrogenase 





>» TPNH + DPN 


2-Keto-6-P-gluconate + TPNH reductase 


; 6-P-gluconate + TPN 
~ 2-Keto-6-P-gluconate + DPNH —> 6-P-gluconate + DPN 





To test the ability of cell-free extracts to convert 2-keto-6-P- 
gluconate to pyruvate in the presence of either DPN or TPN, 
but not both cofactors, extracts were treated with charcoal to 
remove pyridine nucleotides. A cell-free extract prepared from 
a 14-hour culture was centrifuged at 144,000 x g for 2 hours in 
order to remove the fine particulate material and to lower the 
DPNH oxidase activity. The resulting extract was treated 
with acid-washed Darco G-60 (13 mg perml) as described by Cori 
et al. (17). The charcoal was removed by centrifugation at 
20,000 x g for 15 minutes; the treatment with charcoal was 
repeated twice. The virtually colorless and clear supernatant 
material was then filtered through Whatman No. 1 paper before 
use. The ability of both a charcoal-treated and an untreated 
crude preparation to form pyruvate from 2-ketogluconate was 
rapidly lost when allowed to stand, although freezing preserved 
the activity for several days. The rate of pyruvate formation 
from 2-ketogluconate in the presence of excess 2-ketoglucono- 
kinase and ATP by the pyridine nucleotide-depleted extract was 
measured. Either DPNH, TPNH, or their oxidized forms were 
also added. After incubation at 30°, 0.1 ml aliquots were re- 
moved at intervals for pyruvate determination. Two controls, 
one containing charcoal-treated extract, but no added pyridine 
nucleotide, and the other containing the particle-free crude 
extract (before charcoal treatment), but with no added pyridine 
nucleotide, were incubated simultaneously. The results sum- 
marized in Fig. 7 show that the unsupplemented, charcoal- 
treated crude extract failed to produce pyruvate over a period of 
73 hours. On the other hand, the particle-free crude extract 
(not charcoal treated) produced pyruvate from 2-ketogluconate 


_ ina reaction mixture unsupplemented with pyridine nucleotides. 


With the charcoal-treated extracts, either TPN or DPN and 
their reduced forms were able to restore pyruvate formation 
from 2-ketogluconate and ATP. When TPN or TPNH were 
added, pyruvate formation was faster and approached the 
theoretical level. Despite the presence of arsenite to inhibit 
pyruvate oxidation, a lower yield of pyruvate was produced 
when DPN or DPNH were added. 

Although pyridine nucleotide transhydrogenase activity is 
readily demonstrable in extracts of P. fluorescens as the oxidation 
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Fic. 6. The specificity of glyceraldehyde-3-P dehydrogenase in 
extracts of P. fluorescens. The reaction mixture (3.0 ml) in a 
cuvette equipped with a Thunberg top contained 100 umoles of 
Tris-HCl buffer, pH 7.5, 51 umoles of sodium arsenate, 30 umoles 
of GSH, 60 umoles of NaF, 0.45 umole of DPN or TPN, 3 umoles 
of fructose-1 ,6-diphosphate, 0.3 ml of muscle aldolase (crystalline 
suspension diluted 1:10), 0.1 ml of crude extract, and water. The 
fructose-1,6-diphosphate was placed in the Thunberg top. After 
evacuation and admission of nitrogen, the substrate was tipped 
in, and the cuvette placed in the spectrophotometer. 
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Fic. 7. The pyridine nucleotide requirement for conversion of 
2-ketogluconate to pyruvate. The 1.1-ml reaction mixtures incu- 
bated at 30° contained 100 umoles of Tris-HCl buffer, pH 7.5, 5 
umoles of MgCle, 12.5 umoles of ATP, 2.5 umoles of 2-ketogluco- 
nate, 0.625 umole of sodium arsenite, 0.5 umole of pyridine nucleo- 
tide as indicated, and 0.5 ml of charcoal-treated or untreated ex- 
tract as indicated. One-tenth milliliter aliquots were removed 
at the times indicated for pyruvate analysis. 
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of TPNH by DPN (28), it was desirable to demonstrate that 
crude extracts could catalyze the reverse reaction under condi- 
tions affording conversion of 2-ketogluconate to pyruvate, that is 
in the absence of 2’-AMP. Todemonstrate the reduction of TPN 
by DPNH, a coupled system similar to that described by San 
Pietro et al. (24) was used (see ‘Experimental Procedure’’). 
This system makes use of the removal of TPNH formed by a 
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TPNH-specific GSH reductase. Thus, a reversal of pyridine 
nucleotide transhydrogenase is reflected as a loss in reduced 
DPNH activated by adding a small amount of TPN. In this 
test, the GSH reductase activity present in P. fluorescens was 
found to be TPNH-specific and was used in the coupled reaction. 

When DPNH was incubated with GSSG and the crude extract, 
a slow disappearance of absorbancy at 340 my (0.047 absorbancy 
unit per ml of extract), representing loss of DPNH by oxidation 
or destruction, was observed. The addition of TPN to the 
system increased the rate nearly 3-fold (0.115 absorbancy unit 
per minute). This net rate amounts to 9.6 umoles per hour per 
ml of extract, whereas the rate of pyruvate formation with TPN 
or TPNH (Fig. 7) was about 2 wmoles per hour per ml of extract. 
This observation was interpreted as evidence of the ability of the 
particle-free crude extract to form TPNH from DPNH by 
pyridine nucleotide transhydrogenase. 


Degradation of C'*-labeled 2-Ketogluconate by 
P. fluorescens 


In an earlier report from this laboratory (4), it was shown that 
2-ketogluconate-1-C™ and 2-ketogluconate-6-C™ were converted 
to carboxyl-labeled and methyl-labeled pyruvate, respectively. 
However, from 2-ketogluconate-6-C“, the methyl group of 
pyruvate contained only 20% of the specific activity of carbon 6, 
whereas from 2-ketogluconate-1-C™“, the carboxyl carbon of 
pyruvate contained 50% of the specific activity of carbon 1. 
Because of this inequality of specific activity values, a rein- 
vestigation was made with use of improved isolation and degrada- 
tion procedures and liquid scintillation counting techniques. 

Reaction mixtures for the formation of labeled pyruvate con- 
tained 2 ml of crude extract (supernatant material from centrif- 
ugation at 144,000 x g for 1 hour), 400 wmoles of Tris-HCl 
buffer, pH 7.5, approximately 10 umoles of 2-ketogluconate-1-C™“ 
or -6-C™ (1.22 x 104 and 1.38 x 10‘ d.p.m. per umole, respec- 


TasB_e III 
Conversion of 2-ketogluconate-1-C'* and -6-C'4 to pyruvate 


Of each 4.8-ml reaction mixture, 3.0 ml were taken for pyruvate 
isolation and degradation. 





| 


2-Ketogluconate-1-C™ 2-Ketogluconate-6-C* 





| 
| 
| 
| 


Compound Relative | | Relative 
D.p.m. | Moles | specific D.p.m. | wMoles | specific 
activity | activity 





| 
| 108,000} 9.25 | 100 | 95,260 | 6.89 | 100 


36,600) 7.20 | 43.4 | 45,643 | 5.46 | 59.9 


2-Ketogluconate. . 
Pyruvate........: | 


Carbohydrate Oxidation by P. fluorescens. 





TaBLe IV 


Location of C4 in pyruvate produced from 2-keto- 
gluconate-1-C'* and 2-ketogluconate-6-C'* 














2-Ketogluconate-1-C™ 2-Ketogluconate-6-C™ 
Position 
li . 
D.p.m. ba natal D.p.m. Parse 
% % 
Pyruvate........ 36 ,000 100 45,600 100 
Carboxyl........ 23 , 500 64 0 0 
Carbonyl... .... 0 0 264 0.6 

Methyl.......... 0 0 46,200 101 
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tively), 20 wmoles of MgCl:, 20 umoles of ATP, 5 umoles of 
DPNH,;? 5 umoles of sodium arsenite, and water to 4.7 ml. The 
reactions were carried out in unstoppered test tubes at 30°. The 
progress of the reaction was followed in an identical reaction 
mixture containing unlabeled 2-ketogluconate. When pyruvate 
formation was maximal, the reactions were stopped by adding 
0.1 ml of 2 N H.SO,. The insoluble material was removed by 
centrifugation, and the clear supernatant material was assayed 
for pyruvate. To 3.0 ml of the supernatant material containing 
7 to 10 wmoles of labeled pyruvate and approximately 1 x 105 
d.p.m., 130 umoles of unlabeled potassium pyruvate were added 
as carrier. The resulting solution was adjusted to pH 4.0 with 
methyl orange indicator and 0.2 n H.SO,. This solution was 
then frozen and concentrated in a vacuum until the volume was 
less than 1.0 ml. The resulting material was acidified with 10 
N H,SO, to the methyl orange end point, mixed with 2 g of 
Celite 535, and quantitatively transferred to the top of a 10-g 
column of Celite 535. The labeled pyruvate was isolated by 
elution with n-hexane-butanol solvents and then degraded in a 
stepwise manner to yield the individual carbon atoms as de- 
scribed by Krichevsky (22). 

The distribution of C'* among the three carbon atoms of 
pyruvate derived from 2-ketogluconate-1-C™ and -6-C" is shown 
in Tables III and IV. 2-Ketogluconate-1-C™ (specific activity 
of carbon 1 as 100) yielded pyruvate with a relative specific 
activity of 43.4% of the 2-ketogluconate. Stepwise degradation 
of the pyruvate indicated that all of the C' was in the carboxyl 
carbon. With 2-ketogluconate-6-C“ as the substrate, the 
pyruvate produced had a relative specific activity of 59.9% of the 
2-ketogluconate. In this case, all the C was found in the 
methyl carbon of pyruvate. Thus, pyruvate is labeled as 
expected from the Entner-Doudoroff pathway. The specific 
activities with 2-ketogluconate-1-C™ and 2-ketogluconate-6-C™ 
are compatible, but unequal. The reason for this difference is 
not known. 


DISCUSSION 


The data presented in this paper together with previous reports 
permit a formulation of the pathway of 2-ketogluconate dis- 
similation in P. fluorescens as shown in Fig. 1. In support of this 
postulation are the demonstrations of (a) 2-ketogluconokinase 
(3), 2-keto-6-P-gluconate reductase, 6-P-gluconate dehydrase, 
2-keto-3-deoxy-6-P-gluconate aldolase (5, 6), glyceraldehyde-3-P 
dehydrogenase, and the conversion of glyceraldehyde-3-P to 
pyruvate (3); (6) the conversion of 2-ketogluconate-1-C™ and 
2-ketogluconate-6-C™ to carboxyl- and methyl-labeled pyruvate, 


respectively; (c) conversion of 2-keto-6-P-gluconate to 2 moles of | 


pyruvate (3); and (d) requirement for pyridine nucleotide. 
The data presented do not, however, unequivocally establish 
the route of hydrogen in the feedback process. 


conditions of these experiments (absence of 2’-AMP); (6) glycer- 
aldehyde-3-P dehydrogenase is DPN-specific; and (c) 2-keto- 


6-P-gluconate reductase has a higher affinity for TPNH, but! 
Because of a number of uncertainties, the) 


utilizes DPNH also. 


3 The data of the preceding section obtained subsequent to the 
radioisotope experiments show that TPNH would have been pref- 
erable. 
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The following | 
factors have been considered: (a) pyridine nucleotide transhy-| 
drogenase is active in this strain as judged by the oxidation of| 
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data presented in Fig. 7 only establish the need for pyridine 
nucleotide. Possible participation of several factors such as 
DPNH oxidase, the activation of pyruvate disappearance by 
DPN, and interconversion of DPN and TPN precludes attaching 
significance to the fact that TPN and TPNH were superior to 
DPN and DPNH in activating pyruvate accumulation. The 
conclusion that pyridine nucleotide transhydrogenase partici- 
pates or that DPN is the sole carrier in this process must await 
further study. 

In contrast to glycolysis, which produces 2 moles of ATP per 
hexose, only 1 mole of ATP is produced in the conversion of 2- 
ketogluconate to pyruvate. However, oxidative phosphoryla- 
tion during the conversion of glucose to 2-ketogluconate and the 
oxidation of pyruvate are probably quantitatively more impor- 
tant in this obligate aerobe. Because gluconokinase has also 
been observed in extracts of P. fluorescens (3), the proportion of 
gluconate oxidized to that phosphorylated in the process of 
glucose oxidation presumably depends upon the competition 
between gluconokinase and gluconic dehydrogenase for the 
available gluconate. However, the virtually complete con- 
version of glucose to 2-ketogluconate by growing cultures under 
specific nutritional conditions (29) and in the standard medium‘ 
also suggest that gluconokinase induction may be repressed by 
the presence of glucose. 

Although oxidative enzymes utilizing intermediate electron or 
hydrogen carriers are usually referred to as dehydrogenases, 
DeLey’s use of the term, 2-keto-6-P-gluconate reductase, has 
been continued. The alternate term, 6-P-gluconic dehydro- 
genase, refers specifically to the pyridine nucleotide-linked oxida- 
tive decarboxylation of 6-P-gluconate to ribulose-5-P and CO:. 
Moreover, all attempts to oxidize 6-P-gluconate to 2-keto-6-P- 
gluconate with the purified reductase have been unsuccessful. 
The systems utilized a coupling of 6-P-gluconate oxidation to 
pyruvate or acetaldehyde reduction in the presence of excess 
DPN and lactic or ethanol dehydrogenases.* 


SUMMARY 


2-Keto-6-phosphogluconate reductase has been purified 13- 
fold from cell-free extract of Pseudomonas fluorescens. The 
reaction velocity with excess reduced diphosphopyridine nucleo- 
tide is 72% of that with excess reduced triphosphopyridine 
nucleotide. The average Michaelis constant with reduced 
diphosphopyridine nucleotide was approximately 20 times that 
of reduced triphosphopyridine nucleotide. 6-Phosphogluconate 
has been identified enzymatically as the reaction product. 

Adsorption of pyridine nucleotides from cell-free extracts 
yielded a preparation that could not convert 2-ketogluconate 
plus adenosine triphosphate to pyruvate unless pyridine nucleo- 
tides were added. Di- or triphosphopyridine nucleotide or their 
reduced forms restored pyruvate production. 

It is postulated that 2-keto-6-phosphogluconate utilization 


‘KE. W. Frampton and W. A. Wood, unpublished data. 
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involves the formation of 6-phosphogluconate, 2-keto-3-deoxy-6- 
phosphogluconate, glyceraldehyde-3-phosphate, and pyruvate. 
The oxidation of glyceraldehyde-3-phosphate furnishes hydrogen 
atoms for the reduction of 2-keto-6-phosphogluconate. 
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A specific kinase for the phosphorylation of 2-ketogluconate 
with adenosine triphosphate has been found in Pseudomonas 
fluorescens grown on glucose (1), in Aerobacter cloacae grown on 
2-ketogluconate (2), and in a number of other bacterial species. 
In P. fluorescens, phosphorylation of 2-ketogluconate is a major 
step in the sequence of glucose catabolism (3) and hence is in- 
duced by growth on glucose, whereas in A. cloacae (2) and 
Leuconostoc mesenteroides (4), 2-ketogluconate is not an inter- 
mediate in glucose dissimilation. Thus, the kinase is induced 
only during growth on 2-ketogluconate. It has been shown with 
all of these organisms, however, that 2-ketogluconokinase is 
distinct from gluconokinase. Although 2-ketogluconokinase has 
been purified from P. fluorescens grown on glucose, consistently 
higher activity has been found in Aerobacter aerogenes grown on 
2-ketogluconate. This paper describes the purification and 
properties of the kinase from that source as well as an improved 
method for synthesis and isolation of 2-keto-6-phosphogluconate. 


EXPERIMENTAL PROCEDURE 


Bacteriological—Aerobacter aerogenes, strain PRL-R3, used 
previously in studies of L-arabinose metabolism (5), was grown 
in a mineral medium described by Davis and Mingioli (6), 
modified by substitution of 0.56% of 2-ketogluconate for glucose. 
For preparation of 2-ketogluconokinase, large quantities of cells 
were obtained by inoculating 14 liters of medium in a 20-liter 
carboy with 1 liter of inoculum, which was grown for 18 hours at 
35° in the same medium in Fernbach flasks. The carboy was 
fitted with an impeller (1.5 inch in diameter) for stirring at 1725 
r.p.m. and an air line which introduced 2 volumes of air per 
minute in contact with the impeller. After growth for 5 hours 
at 35°, the cells were harvested, washed once in 0.85% NaCl 
solution, and suspended in 500 ml of distilled water. Extracts 
were prepared by sonic oscillation for 10 minutes in a Raytheon 
10-ke oscillator, followed by centrifugation at 7000 x g for 30 
minutes. 

Materials—Calcium 2-ketogluconate (technical grade) was 
generously supplied by Dr. E. J. Beckhorn of Wallerstein 
Laboratories, Staten Island, New York. Sterile sodium 2- 


* A preliminary account of this work was presented at the 39th 
general meeting of the Society of American Bacteriologists, De- 
troit, Michigan, 1957. 

+ Present address, Department of Biology, The University of 
Texas, M. D. Anderson Hospital and Tumor Institute, Houston, 
Texas. 

t Present address, Department of Biochemistry, Michigan State 
University, East Lansing, Michigan. 


ketogluconate was prepared by: (a) passage of a solution of the 
calcium salt through Amberlite IR-120 (H+), (b) neutralization 
of the 2-ketogluconic acid with NaOH, and (c) passage through a 
Millipore filter. For chemical and enzymatic studies, sodium 
2-ketogluconate was prepared from the calcium salt (98% pure) 
as described above. This material was donated by Dr. F. J. 
Stodola of the Northern Regional Research Laboratory, Peoria, 
Illinois. ATP was purchased from Pabst Laboratories, and 
protamine sulfate was obtained from Eli Lilly and Company. 

Determinations—Chemical determinations were by the 
methods described in the preceding paper (7). 

Enzymatic—2-Ketogluconokinase activity was determined by 
the general manometric assay for kinases of Colowick and Kalc- 
kar (8), which makes use of the new acidic group formed in 
transphosphorylation to evolve CO2 from bicarbonate buffer. 
The main compartment of 5-ml Warburg flasks equipped with 
gassing plugs contained 20 uwmoles of MgCle, 28 uwmoles of 
NaHCOQs;, 2-ketogluconokinase, and distilled water. 2-Keto- 
gluconate, pH 7.5, 15 umoles, and ATP, pH 7.5, 20 wmoles, were 
added to the side arm; the total reaction volume was 1.2 ml. 
The flasks were gassed with 95% N2-5% COs for 10 minutes and 
then equilibrated for 5 minutes at 37°. Phosphorylation was 
initiated by tipping the contents of the side arm. The enzyme 
activity was calculated from the volume of carbon dioxide re- 
leased between 5 and 25 minutes after tipping. An appropriate 
correction for ATPase activity was made by subtracting the rate 
of CO, evolution in the absence of substrate. 


RESULTS 


Purification of 2-Ketogluconokinase 


All operations were carried out at 0 to 5°. Precipitates were 
separated by centrifugation at 15,000 x g for 10 minutes and 
dissolved in 10-* sodium EDTA buffer, pH 7.5. 

Removal of Nucleoproteins—To a cell-free extract (420 ml, 16.8 
mg of protein per ml), solid ammonium sulfate was added to a 
concentration of 0.1 m. 
5.0), equivalent to 20% of the extract volume, was slowly added 
with stirring. After 15 minutes, the precipitate was removed by 
centrifugation and discarded. The supernatant solution (500 
ml) contained 7.7 mg of protein per ml. 
the 280:260 my ratio from 0.62 for the crude extract to 0.89. 


was added to 0.50 saturation (9), and the precipitate was re- 
moved by centrifugation and was discarded. The precipitate, 
obtained by adding ammonium sulfate to the supernatant solu- 
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tion to saturation, was dissolved in 100 ml of EDTA buffer. 
This fraction (ammonium sulfate Fraction I, 100 ml, 17.4 mg of 
protein per ml) was again fractionated by adding solid am- 
monium sulfate. Most of the 2-ketogluconokinase activity 
precipitated between 0.40 to 0.50 saturation and was dissolved 
in 50 ml of EDTA buffer (ammonium sulfate Fraction II, 50.0 
ml, 5.2 mg of protein per ml). Some 2-ketogluconokinase activ- 
ity was also recovered in the 0.50 to 0.60 fraction, but this ma- 
terial had a lower specific activity and was not purified further. 

Calcium Phosphate Gel Adsorption and Elution—Before treat- 
ment with calcium phosphate gel, the ammonium sulfate Frac- 
tion II was diluted with an equal volume of 0.05 m ammonium 
sulfate, and the pH of the solution was adjusted to 5.5 with 1 
n acetic acid. The protein content was then 2.6 mg per ml and 
the ammonium sulfate concentration was 0.047 m. Calcium 
phosphate gel (7.2 mg dry weight per ml), equivalent to 5% of 
the volume, was added by syringe. The mixture was stirred for 
10 minutes and the gel recovered by centrifugation. The gel 
was washed with 50 ml of distilled water and then with 50 ml of 
0.005 m potassium phosphate buffer, pH 5.5. The kinase was 
eluted by stirring the gel for 5 minutes each with two 50 ml 
portions of 0.005 m potassium phosphate buffer, pH 7.5 and two 
portions of 0.01 m potassium phosphate buffer, pH 7.5. The 
eluates were combined (calcium phosphate gel eluate, 200 ml, 
0.33 mg of protein per ml). 

Ammonium Sulfate Fractionation—Solid ammonium sulfate 
was added to obtain a precipitate between 0.50 and 0.75 satura- 
tion. The precipitate was dissolved in EDTA buffer (ammonium 
sulfate Fraction III, 20 ml, 2.08 mg of protein per ml). 

The foregoing procedure resulted in an over-all purification of 
124-fold with a yield of 81% of the original activity (Table I). 
The ammonium sulfate Fractions II and III were used in the 
preparation of 2-keto-6-phosphogluconate. 

Properties of 2-Ketogluconokinase—The 124-fold-purified prep- 
aration lost 40% of its activity after 14 months of storage at 
—14°. ATPase activity in this fraction was virtually absent and 
did not increase with storage. Gluconokinase activity was 
completely absent. The Michaelis constant (Km) for 2-keto- 
gluconate, calculated from s/V versus s plots, was 4.6 X 10-° 
(Fig. 1). 

Although routine assays were carried out at pH 7.6 in bi- 
carbonate buffer, somewhat higher activity was observed at 








pH 8.0, the upper limit of the bicarbonate system (10). A 
TaBLe I 
Purification of 2-ketogluconokinase from A. aerogenes 
Step Total | Specific | Purifica-| Re- 
activity* | activity tion covery 
units X 108| units/mg) fold % 
Crtide Gxtradt.......6 sce eke since 25 3.9 100 
| Protamine supernatant......... 22.6 6.3 1.6| 90 
Ammonium sulfate I (50-100% 
| Eee Ore ee Bee 23.4 24 6.2 93 
Ammonium sulfate II (40-50% 
| RS er ceed ae 20.5 79 20 82 
Calcium phosphate gel eluate...) 25.6 | 341 88 
Ammonium sulfate (50-75% sat- 
WUE sc aGiccenecvmucaies- neti 20.2 | 485 124 81 

















* One unit equals the amount of enzyme required to phosphor- 
ylate 1 umole of 2-ketogluconate per hour. 
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2-KETOGLUCONATE —- wM/ML. (S) 
Fig. 1. The effect of 2-ketogluconate concentration upon phos- 
phorylation rate. The Warburg flasks contained 1.0 umole of 
EDTA, 20 umoles of MgCle, 20 umoles of ATP, and 6 units of kinase 


in a volume of 1.2 ml. The pH was 7.6 and the 2-ketogluconate 
concentration was varied as indicated. 





PRODUCTS OF 2-KETOGLUCONATE 
PHOSPHORYLATION 
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Fig. 2. Chromatography of the product of 2-ketogluconate 
phosphorylation on Dowex 1-formate. 2-K-6-PG, 2-keto-6-phos- 
phogluconate. 


partial requirement for magnesium ions was evident in the crude 
extracts, whereas an absolute requirement was displayed by the 
purified preparation. Other divalent metal ions formed in- 
soluble carbonates and, therefore, were not tested. Enzyme 
activity was not stimulated by GSH and EDTA as had been 
found previously for t-ribulokinase derived from the same 
organism (11). Enzyme activity was lost on dialysis and could 
not be restored by the addition of cofactors. 


Preparation of 2-Keto-6-phosphogluconate 


2-Keto-6-phosphogluconate was prepared from 2-ketogluco- 
nate and ATP with the ammonium sulfate Fraction III. The 
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reaction mixture contained 350 umoles of MgCle, 350 umoles of 
ATP, 250 umoles of sodium 2-ketogluconate, 350 units of kinase, 
and distilled water to 15 ml. The incubation temperature was 
30°. The phosphorylation was followed as acid production by 
maintaining the pH at 7.5 with 0.03 n NaOH. Because ATPase 
activity was negligible, titration values were taken without cor- 
rection as a measure of 2-ketogluconate phosphorylation. Phos- 
phorylation ceased after 4 hours at which time 228 uwmoles of 
NaOH had been added. 

The phosphorylation product was separated from the reac- 
tion mixture by ion exchange chromatography. The entire 
reaction mixture was diluted with an equal volume of water and 
applied to a Dowex 1-formate column (200 to 400 mesh, 2.52 sq 
em X 60 cm). The column was then washed with 25 ml of 
water, and 2-keto-6-phosphogluconate was eluted by a gradient 
procedure (12) with the addition serially of 500 ml of 4 N formic 
acid, 500 ml of 4 N formic acid and 0.2 mM ammonium formate, 1 
liter of 4 N formic acid and 0.4 M ammonium formate, and finally 
1 liter of 4 N formic acid and 1.0 M ammonium formate to a mixing 
reservoir containing 500 ml of distilled water. The rate of 
elution was 2 ml per minute, and 12.5 ml fractions were collected. 
The absorbancy at 260 my was determined on each fraction. 
Three major peaks and one minor peak were located (Fig. 2). 
The ratio of absorbancies of 0.5 ml in 4.5 ml of 0.01 N HCl at 250 
to 260 my and 280 to 260 my was determined on each peak. 
From these ratios, the major peaks were tentatively identified as 
AMP, ADP, and ATP, in sequence of elution. The small peak 
was not identified but was observed in repeated separations. 
The 2-keto-6-phosphogluconate peak was located by the adsorp- 
tion of the semicarbazone at 250 my. Additional evidence for 
the location and general composition of the peak was obtained 
as follows: (a) a positive spot test for reducing sugar, with use of 
the Somogyi-Nelson reagents for all fractions in the 2-keto-6- 
phosphogluconate peak, and (6) a purple spot with o-phenylene- 
diamine spray reagent (unique for 2-keto-6-phosphogluconate) 
by the same fractions. Fractions 115 to 125 inclusive were 
combined and adjusted to pH 7.5 with 3 Nn NH,OH. The am- 
monium formate was then removed by lyophilization. Traces of 
ammonium formate were removed by redissolving the residue in 
water and repeating the freeze-drying procedure twice. The 
remaining material was dissolved in 50 ml of water and adjusted 
to pH 4 with 6 n HCl. Saturated barium hydroxide was added 
to give a pH of 5.0, followed by NH,OH until the pH was 8.2. 
The phosphate ester was precipitated by adding 1 volume of 
cold 95% ethanol. The precipitate was collected by centrif- 
ugation, washed once with 50% ethanol, and dried overnight in 
a vacuum over CaCls. The yield of barium 2-keto-6-phospho- 
gluconate was 59.0 mg or 56% based upon the amount of alkali 
consumed during phosphorylation. 

Subsequently, millimole quantities of 2-keto-6-phosphogluco- 
nate were separated directly from reaction mixtures by precipita- 
tion procedures. These involved: (a) precipitation of the 
barium salt at pH 8.2 with one volume of ethanol, (6) removal of 
contaminating adenine nucleotides from a neutral solution of the 
sodium salt of 2-keto-6-phosphogluconate by treatment with 
charcoal (acid-washed Darco G-60), and (c) reprecipitation as 
the barium salt. Although adsorption of nucleotides on char- 


coal is more efficient at an acid pH, the yield of 2-keto-6-phos- 
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phogluconate is low under these conditions. It was found 
that the absorbancy at 260 my could be removed at neutral pH 
if more charcoal was used. Under these conditions, 2-keto-6- 
phosphogluconate was not adsorbed. 

Characterization of 2-Keto-6-phosphogluconate—The sodium 
salt of 2-keto-6-phosphogluconate was prepared by dissolving the 
barium salt in 0.1 N HCl, precipitating the barium with 0.05 n 
H.SO,, and adjusting the supernatant solution to pH 7.2 with 1 
N NaOH. For paper chromatographic identification, 0.3 ml of 
this solution was treated with IR-120 (H+) to remove sodium 
ions. Of the resulting solution, 50 ul were applied to a strip of 
Whatman No. 1 filter paper. For comparison, 10 ul of 0.1 m 
sodium 2-ketogluconate, treated in the same manner, were ap- 
plied to the paper. The chromatogram was developed with 
methanol-ammonium hydroxide-water (6:1:3) and then sprayed 
with o-phenylenediamine spray reagent as described by DeLey 
(2). 2-Ketogluconate gave a green fluorescent spot with an R, 
value of 0.58, whereas 2-keto-6-phosphogluconate gave a purple 
nonfluorescing spot with an Ry value of 0.43. Paper chro- 
matography of 2-keto-6-phosphogluconate gave no evidence of 
2-ketogluconate or other compounds. These results agree with 
those reported by DeLey (2) and by Narrod and Wood (1) for 
2-keto-6-phosphogluconate. The isolated product was shown 
in the previous paper (7) to be converted to 6-phosphogluconate 





by crude extracts of P. fluorescens. 


SUMMARY 


Aerobacter aerogenes, grown on 2-ketogluconate, contains a 
specific inducible kinase for 2-ketogluconate phosphorylation.) 
The kinase, which has been purified 124-fold, has an optimal pH! 
in the range of 7.9 to 8.0 and requires magnesium ions for activ-| 
ity. The product of 2-ketogluconate phosphorylation was iso- 
lated from reaction mixtures by chromatography on Dowex 
1-formate and identified by paper chromatography as 2-keto-6-. 
phosphogluconate. 
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The metabolism of polyols by bacteria has received considera- 
ble attention in recent years. Hexapolyols have been shown to 
be metabolized either by undergoing oxidation as the first step 
in their metabolism (1-4), or by being phosphorylated before 
oxidation (3, 4). Pentapolyols appear to undergo oxidation 
before phosphorylation and further metabolism (5-7). The 
pathway of glycerol metabolism in bacteria may depend upon 
To this date very little 
information is available on the utilization of tetrapolyols by 


' microorganisms. 


Unpublished studies from our laboratory suggest that erythri- 
tol is utilized slowly by ribitol dehydrogenase from Aerobacter 
aerogenes (11). Aerobacter aerogenes will not, however, grow in 
the presence of erythritol as the sole carbon source. 

Shetter (12) has identified the product resulting from phos- 
phorylation of erythritol by adenosine triphosphate with cell- 
free extracts of Propionibacterium pentosaceum as t-erythritol 
1-phosphate. 

The purpose of the present study was to investigate erythritol 
metabolism and to develop an enzymatic method for the deter- 
mination of the 4-carbon polyol. The purification and prop- 
erties of a specific erythritol kinase from Propionibacterium 
pentosaceum will also be presented. 


EXPERIMENTAL PROCEDURE 


Preparation of Cell-free Extracts—P. pentosaceum was grown 


a in 1.5-liter lots with the media and harvesting methods de- 
n. ° 


scribed by Shetter (12). Cell-free extracts were prepared by a 
previously described method (11). One and five-tenths liters 
of media gave 25 ml of cell-free extract which were then centri- 
fuged at 15,000 x g for 20 minutes at 3°. 

Materials—Phosphoenol pyruvic acid and erythritol were 
products of the California Corporation for Biochemical Research. 
DPNH and lactic dehydrogenase containing pyruvate kinase 
were obtained from the Sigma Chemical Company and other 
nucleotides from the Pabst Laboratories. All sugars were com- 
mercial preparations. 

ATP labeled with P* in the y-phosphate was prepared by the 
procedure of Lowenstein (13) and purified by chromatography 
with Dowex 1-formate. 

Determinations—Enzymatic activity of cell-free extracts was 
assayed by determining the difference in the rate of ATP disap- 
pearance (measured a acid labile-phosphate) in the presence and 

* This study was supported in part by a research grant (A-1678) 


from the National Institute of Arthritis and Metabolic Diseases, 
United States Public Health Service. 


absence of sugar substrate. Acid labile-phosphate is defined 
as the P; obtained after 10-minute hydrolysis at 100° of an ali- 
quot of reaction mixture made 1 M with respect to HCl. Phos- 
phate was estimated by the procedure of Taussky and Shorr 
(14), ADP was determined enzymatically (15), and protein was 
assayed by the method of Lowry, et al. (16). L-erythritol 
1-phosphate was measured by determination of its phosphate 
after digestion with H.SO, and HNO; (17) followed by neu- 
tralization. 

Assay of Erythritol Kinase—Erythritol kinase activity was 
assayed with a standard reaction mixture containing 12.5 
umoles of Tris-chloride buffer, pH 8.6, 8.2 umoles of erythritol, 
0.63 umole of sodium iodoacetate, 5.6 wmoles of NaF] 7.5 
umoles of MgClo, 3.75 umoles of ATP, and enzyme in a final 
volume of 1.21 ml. Incubation of the samples was carried out 
for 8 minutes at 28°. Two-tenths-milliliter aliquots of reaction 
mixture were withdrawn at 2-minute intervals and placed in 
0.8 ml of 7% HClO,. Control samples, from which erythritol 
had been withheld, were treated similarly, and the erythritol 
was added after termination of the reaction. After centrifuga- 
tion, 0.5 ml of the protein-free supernatant solutions was added 
to 0.5 ml of 2 n HCl and hydrolyzed for 10 minutes at 100°. 
The difference between the orthophosphate values was used as 
the criterion of enzymatic activity. 

One unit of erythritol kinase activity is that amount of en- 
zyme causing the disappearance of 1 wmole of orthophosphate 
in 10 minutes. 


RESULTS 


Purification of Erythritol Kinase—Purification of the enzyme 
was carried out at 3° except where indicated. All buffers were 
adjusted to proper pH value at room temperature and subse- 
quently cooled to 3°. Centrifugation was conducted for 20 
minutes at 15,000 x g at 3°. 

Streptomycin Treatment—To 23 ml of cell-free extract in 0.05 
m Tris-chloride buffer, pH 7.0, were added 23 ml of 0.10 m Tris- 
chloride buffer, pH 7.0. To this solution 11 ml of 5% strepto- 
mycin sulfate (Parke, Davis and Company) were added with 
constant stirring. The resulting suspension was permitted to 
stand for 10 minutes at 3° and then centrifuged. The superna- 
tant fluid was decanted and the inactive precipitate discarded. 

First Calcium Phosphate Gel Treatment—To 45 ml of the above 
solution were added 4 ml of cold calcium phosphate gel (18) 
containing 22.9 mg of solids per ml. The pH of the suspension 
was adjusted to 6.5 with 2 n HCl] while the mixture was rapidly 
stirred. After standing for 10 minutes the suspension was cen- 
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TaBLe I 
Purification of erythritol kinase 
| 











| 2 
Enzyme fraction | = | ou | ou 
wilt | 
it 
| me | “Sroteint 
ae 15.0 358 0.042 
Streptomycin supernatant solu- 

MNS ag ire wu et waite ees ainteiarws | 26.5* 166 0.159 
First gel treatment................ |. 23.3 95 0.245 
Ammonium sulfate................ | 38.2 36.8 0.413 
Second gel treatment.............. 13.7 2.69 5.10 








* The low recovery in crude preparations is believed to be due 
to ATPase activity. 


trifuged at 5,000 x g. The active supernatant fluid was de- 
canted and the gel discarded. 

Ammonium Sulfate Fractionation—Solid ammonium sulfate 
(17.6 g per 100 ml) was added to the gel supernatant solution 
with constant stirring and the -suspension was permitted to 
stand for 10 minutes, after which the precipitate was removed 
by centrifugation and discarded. Additional ammonium sulfate 
(10.18 g per 100 ml) was then added to the solution, and after 
standing for 10 minutes the suspension was centrifuged, de- 
canted, and the precipitate taken up in 10 ml of 0.1 m Tris- 
chloride buffer, pH 7.0. 

Second Calcium Phosphate Gel Treatment—To 9 ml of the 
above solution were added 1.2 ml of cold calcium phosphate gel 
and the pH was adjusted to 6.5. The resulting suspension was 
allowed to stand for 10 minutes and then centrifuged. The 
supernatant fluid was decanted and discarded and the gel ex- 
tracted with 10 ml of 0.5 m Tris-chloride buffer, pH 7.4, for 20 
minutes. After centrifugation the supernatant solution was 
discarded and the gel extracted with 0.1 m Tris-chloride buffer, 
pH 7.0-0.535 mM ammonium sulfate. After standing for 45 min- 
utes the suspension was centrifuged. 

The resulting supernatant solution represents a 120-fold en- 
richment of the enzyme over cell-free extracts (see Table I). 
The enzyme preparation was found to be free of ATPase activ- 
ity; however, it proved to be extremely unstable. This situa- 
tion was circumvented by adding enough bovine plasma albumin 
(Armour and Company) to give a solution containing 1 mg per 
ml with respect to albumin. With this treatment the enzyme 
preparation appeared to be stable for at least 1 month at 3°. 

Isolation and Identification of u-erythritol 1-Phosphate—Al- 
though Shetter (12) had isolated and identified the product of 
erythritol phosphorylation by ATP in the presence of cell-free 
extracts of P. pentosacewm as t-erythritol 1-phosphate, it was 
necessary to confirm this observation before proceeding with the 
studies to be described. 

The preparation of the sugar reaction product was carried out 
essentially by the method of Shetter (12), except that a purified 
preparation of erythritol kinase (specific activity, 1.05) rather 
than a cell-free extract of P. pentosaceum was used. Isolation 
of the product was facilitated by including ATP labeled with 
P®? in the y-phosphate in the reaction mixture. 

A reaction mixture consisting of 1.5 mmoles of ATP (contain- 
ing ATP-P*), 3 mmoles of erythritol, 10 mmoles of Tris-chloride 
buffer, pH 8.0, 2.7 mmoles of MgCle, 0.43 mmole of NaF, 0.05 
mmole of sodium iodoacetate, and 5 units of erythritol kinase in 
a final volume of 23 ml was incubated for 150 minutes at 28°. 
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The reaction was terminated by heating for 90 seconds at 100°; 
it was then cooled in an ice bath and finally acidified with glacial 
acetic acid. 

Acid-washed Norit was added to the suspension and the mix- 
ture centrifuged in the cold. This procedure was repeated until 
the absorbancy at 260 my fell to zero. An excess of BaBr2 was 
added to the solution after neutralization to pH 8.5 with KOH. 
The orthophosphate was removed by centrifugation and 6 vol- 
umes of ethanol were added to the clear supernatant solution. 
The turbid suspension obtained upon the addition of ethanol 
was permitted to stand overnight at 3° after which it was cen- 
trifuged. The resulting white precipitate was washed twice with 
cold ethanol and air dried. It weighed 150 mg. 

The isolated product was acidified with HCl and the barium 
removed by centrifugation after addition of Na2SO,. An ali- 
quot of this solution was analyzed for orthophosphate, organic 
phosphate, and formaldehyde after treatment with periodic acid 











(19). The solution was found to contain appreciable radioac- 
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Fic. 1. Plot of reaction velocity as a function of pH value. 
The assay mixture contained 4.53 umoles of ATP, 0.75 umole of 
sodium iodoacetate, 6.5 umoles of NaF, 9.06 umoles of MgCle, 190 
umoles of sodium acetate buffer, 190 umoles of Tris-chloride buffer, 
10 pmoles of erythritol, and 30 ug of enzyme (specific activity 3.35) 
in a final volume of 1.21 ml. 

Samples were incubated for 8 minutes at 28° and aliquots of 
reaction mixture withdrawn every 2 minutes and analyzed for acid- 
stable phosphate esters as described in the text. 
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Fic. 2. Graph of reaction velocity versus protein concentration. | 
The standard assay mixture was used with 0.25 ml of appropriately 
diluted erythritol kinase (specific activity 1.86). The samples 
were analyzed for acid-stable phosphate as described in the text. 
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; st TaBLe II 
Stoichiometry of erythritol kinase reaction 
The complete reaction mixture contained: 10.0 umoles of eryth- 
12+ ritol, 8.33 umoles of ATP, 0.70 umole of sodium iodoacetate, 6.0 
; umoles of NaF, 13.9 wmoles of Tris-chloride buffer, pH 8.6, 16.7 
Vi umoles of MgCle, and 24.8 ug of enzyme (specific activity, 4.1) ina 
final volume of 1.3 ml. Incubation was for 45 minutes at 28°. 
The reaction was terminated by boiling for 1 minute at 100°. 
Aliquots of deproteinated supernatant fluid were analyzed for 
ADP (15) and ATP. Norit-treated samples were assayed for 
20) acid-stable phosphate and P;. Other experimental details are 
z I/ERYTHRITOLxI0°3 M presented in the text. 
S 1.2 Substrate 0 Minutes | 45 Minutes | A 
= Qa pmoles 
5 WI nis sie ostig's tara eat ea 8.33 | 2.71 | 5.62 
A ERE MES TSE 10.0 | 4.38" | 5.62 
) 04 DO rene MORE 1.11 | 6.73 | 5.62 
g ad t-Erythritol 1-phosphate.........| 0 5.86t | 5.86t 
= . iain pi - * Calculated from ADP appearance. 
+ Estimated from acid-stable phosphate. 
Fic. 3. Graph of initial reaction velocity (V;) as a function of 
erythritol concentration. V; is defined as the micromoles of ADP 
formed in 10 minutes. The apparent Michaelis constant was Oe 
determined from the double reciprocal plot (20). The assay mix- 
tures contained 9.76 umoles of ATP, 0.61 umole of sodium iodoace- 
tate, 5.25 umoles of NaF, 12.2 umoles of Tris-chloride buffer, pH QO [5+ 
8.6, 14.7 umoles of MgCl», 12.4 ug of enzyme (specific activity 4.1), = 6 
and erythritol in a final volume of 1.8 ml. Samples were incubated = 
for 8 minutes at 28° and aliquots removed at 2-minute intervals u  1oF 
and analyzed for ADP (15) after terminating the reaction by . 
heating for 1 minute at 100°. The reaction was initiated by addi- < 
tion of erythritol and samples read against control samples in o ost 
which erythritol was omitted. a 
= 
a 
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Fic. 4. Graph of initial reaction velocity (V;) as a function of 
ATP concentration. V; is defined in the legend to Fig. 3. The 
apparent Michaelis constant was determined from the double 
reciprocal plot (20). The assay mixture contained 10 umoles of 
erythritol, 0.7 umole of sodium iodoacetate, 6.0 umoles of NaF, 
13.9 umoles of Tris-chloride buffer, pH 8.6, MgClz at double the 
concentration of ATP, 12.4 ug of enyzme (specific activity 4.1), 
and ATP in a final volume of 1.21 ml. Other experimental details 
are similar to those shown in the legend to Fig. 3. 











Fic. 5. Graph of micromoles of ADP formed with time for the 
analysis of erythritol. The assay mixture contained 1.13 umoles 
of sodium iodoacetate, 9.8 wmoles of NaF, 22.7 umoles of Tris- 
chloride buffer, pH 8.6, 9.1 wmoles of MgCle, 4.55 umoles of ATP, 
12.4 ug of enzyme (specific activity 4.1), and 2.00 umoles of eryth- 
ritol in a final volume of 1.2 ml. The reaction was initiated with 
erythritol and aliquots removed at 2-minute intervals for 8 min- 
utes. The reactions were terminated by heating for 1 minute at 
100°. Incubation was at 28°. Samples were analyzed for ADP 
(15) and read against reaction mixture aliquots in which erythritol 
had been omitted. The broken line represents the theoretical 
amount of ADP that should be formed in the reaction. 


tivity. The organic phosphate to erythritol (calculated from 
formaldehyde) ratio was 1.00:0.99, and the product contained 
2% orthophosphate. It was observed that 3.9 umoles of prod- 
uct consumed 8.3 umoles of periodate when assayed by the 
method of Shetter (12). This would appear to exclude phos- 
phorylation at either the number 2 or 3 hydroxy] group of eryth- 
ritol. 

From these studies and those made previously by Shetter 
(12), it was concluded that the sugar product of the erythritol 
kinase reaction was L-erythritol 1-phosphate. 

Specificity of Erythritol Kinase—ADP and GTP were incapa- 
ble of causing the formation of L-erythritol 1-phosphate in the 
presence of erythritol kinase (specific activity, 2.2) when present 
in amounts equivalent to ATP in the standard reaction mixture. 

The following polyols, when present at the same concentra- 
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tion as erythritol in the standard assay mixture, were found to 
be incapable of causing phosphate ester formation with erythri- 
tol kinase (specific activity, 3.35): ribitol, p-mannitol, ethylene 
glycol, glycerol, p-arabitol, p-xylitol, p-sorbitol, and dulcitol. 
Some enzyme preparations were found to contain glycerol kinase 
activity; however, high specific activity preparations of erythri- 
tol kinase were devoid of the contaminating enzyme. 

The optimal Mg++:ATP ratio was found to be 2:1. Inhibi- 
tions of 15% and 11% were observed when this ratio was 5:1 
and 1:1, respectively. Mn++ and Ca++ were 57% and 19%, 
respectively, as effective as Mgt+ in causing ADP formation 
when used at the same level as the latter cation in the standard 
reaction mixture lacking NaF. 

Optimal pH Value—The reaction mediated by erythritol 
kinase exhibited an optimal pH of approximately 8.6. The 
results of these studies along with the experimental protocol are 
shown in Fig. 1. 

Kinetic Studies—In Fig. 2 are presented data on the linearity 
of the kinase reaction velocity as a function of enzyme concen- 
tration. The apparent Michaelis constants for erythritol and 
ATP were 8.76 X 10-4 mM and 4.8 x 10-3 M, respectively, at 
saturation concentrations of the second substrate. Figs. 3 and 
4 depict the data used to calculate these parameters. The 
various experimental details for the kinetic experiments are 
presented in the legends to the figures. 

Stoichiometry of Erythritol Kinase Reaction—The stoichiometry 
of the reaction catalyzed by erythritol kinase was investigated 
as follows. Assay mixtures containing erythritol, NaF, sodium 
iodoacetate, ATP, MgCl, and enzyme were incubated at 28° 
for 45 minutes. A parallel control experiment in which erythri- 
tol was omitted was carried out simultaneously. After termina- 
tion of the reaction by heating for 1 minute at 100°, aliquots of 
the reaction mixture were analyzed for ATP and ADP. Other 
assay mixture samples were treated with acid-washed Norit to 
remove nucleotides and then analyzed for P; and total phos- 
phate. 

When samples from this experiment were analyzed for ADP 
and non-nucleotide phosphate ester, it was found that ADP 
formation was equivalent to phosphate ester formation (see 
Table II). 

Enzymatic Determination of Erythritol—As a preliminary to 
studying the metabolism of erythritol metabolism in P. pento- 
saceum it was desirable to have an enzymatic method for esti- 
mating erythritol. The enzyme described in this paper appears 
to satisfy this need. 

Two micromoles of erythritol, when added to the standard 
assay mixture with purified erythritol kinase (specific activity, 
4.1), caused the appearance of 1.95 wmoles of ADP as shown in 
Fig. 5. Experimental details of this determination are pre- 
sented in the legend to Fig. 5. 


DISCUSSION 


The identification by Shetter (12) of t-erythritol 1-phosphate 
as the product of erythritol metabolism by cell-free extracts of 
P. pentosaceum in the presence of ATP, and the studies pre- 
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sented in this paper, suggest the first step in erythritol metabo- 
lism to be as follows. 


Erythritol + ATP erythritol kinase | 





L-erythritol 1-phosphate + ADP 


Chii and Ballou have recently demonstrated that reduction of 
p-erythrulose 1-phosphate by DPNH in the presence of glycerol 
phosphate dehydrogenase leads to the formation of p-erythrito) 
1-phosphate (21). By analogy it might be supposed that oxida- 
tion of t-erythritol 1-phosphate would lead to L-erythrulose 
1-phosphate. This possibility is presently under investigation. 

P. pentosaceum grown in the absence of erythritol show little 
kinase activity. This suggests that the enzyme was adaptive. 

The use of the enzyme as an analytic tool may prove to be 
useful as no specific and simple method is currently available for 
the estimation of erythritol. 


SUMMARY 


Erythritol kinase from Propionibacterium pentosaceum has 
been purified 120-fold over cell-free extracts. The enzyme 
mediates the phosphorylation of erythritol to L-erythritol 1-phos- 
phate in the presence of ATP and Mg*t. 

The enzyme appears to be specific for erythritol and may be 
used as an analytic tool for its determination. Certain proper- 
ties of the enzyme are described. 
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It is becoming increasingly evident that permeability of bac- 
terial cells toward a wide variety of metabolites is governed by 
specific transport systems, presumably enzymic in nature, to 
which Cohen and Monod (1) have given the generic name per- 
meases. The characterization of bacterial carbohydrate per 
mease systems has been greatly facilitated by the use of experi- 
mental conditions which allow transport to be functionally 
isolated from the further metabolism of the substrate. The 
6-galactoside permease of Escherichia coli has been extensively 
studied by Monod et al. (1-3), by means of nonmetabolized 
thiogalactoside substrates. Similar analogues have been utilized 
for the glucuronide permease (4). More recently, mutant strains 
blocked in utilization of the substrate have been employed for 
the characterization of analogous systems which specifically 
mediate the transport of free galactose (5, 6) and maltose (7). 
The properties of these permeases are strikingly similar: (a) a 
high degree of substrate specificity ; (b) intracellular accumulation 
of substrate against a steep concentration gradient; (c) retention 
of accumulated material in a form indistinguishable from the 
free sugar, and exchanging readily with external substrate; and 
(d) sensitivity toward inhibitors of energy metabolism, such as 
2,4-dinitrophenol or azide. 

Kinetic studies have provided support for the catalytic carrier 
mechanism postulated by Cohen and Monod (1) and Kepes (8). 
Accumulation of a nonmetabolizable substrate by the bacterial 
cell is represented as a balance between an active entry mecha- 
nism, which follows Michaelis-Menten kinetics, and an inde- 
pendent exit process, whose rate depends on the internal concen- 
tration of substrate: 


dG in 
dt 





=y- CGin (1) 


' where G;, is the internal substrate concentration at any time, 


t; y, the total activity of the entry system at a saturating external 


substrate concentration, and c, the rate constant for the exit re- 


action. Kinetic and inhibition analyses of the galactose (6) and 
8-galactoside (8) permeases indicate that the rate of exit can be 
varied experimentally within wide limits without a corresponding 
alteration in the activity of the entry system. The exit reaction 
therefore appears to represent an active process, rather than one 


| of passive diffusion. 


The ability to concentrate substrate to an internal concentra- 
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_ Institutes of Health, United States Public Health Service. 


_ t Postdoctoral Fellow of the United States Public Health Serv- 
| ice. 


tion several thousandfold higher than that of the medium is one 
of the most striking characteristics of the bacterial carbohydrate 
permeases thus far studied. It would be expected that trans- 
port, or retention of intracellular material, against a concentra- 
tion gradient would require expenditure of energy. Inhibition 
of the galactose, 6-galactoside, and maltose permeases by dini- 
trophenol or azide suggest a requirement for an active energy 
metabolism during transport. In addition, Kepes (8) has dem- 
onstrated an increase in endogenous respiration during transport 
of thiogalactosides. The nature of the energy-coupling process 
and the mechanism of dinitrophenol inhibition are as yet un- 
known, although the energy-dependent formation of an activated 
complex between substrate and a hypothetical transporter sub- 
stance has frequently been postulated as the first step in the 
entry process. In this connection, the appearance of a thio- 
galactoside acetylation system during induction of the B-galacto- 
side permease, recently observed by Zabin, Kepes, and Monod 
(9), may be of great significance. 

The present investigation was undertaken in an effort to clarify 
the mechanism of inhibition of the galactose permease system by 
dinitrophenol. We find that the inhibition of galactose accumu- 
lation by dinitrophenol cannot be attributed solely to inhibition 
of the entry process per se. The results suggest the existence of 
an energy-dependent accumulation mechanism which serves to 
prevent loss of internal substrate from the cell. 


EXPERIMENTAL PROCEDURE 


Bacteria were grown in minimal medium 63, as described pre- 
viously (5), with mannose or malate as carbon source. The 
strains employed for studies on galactose and a-methyl-galacto- 
side transport were the galactokinaseless strain of EF. coli, ML 
32,400 (5), and the wild type parent strain, ML 30. For meas- 
urement of NPG! hydrolysis, the constitutive strairis, ML 308 
(8-galactoside permease-positive) and ML 35 (6-galactoside per- 
mease-negative) were used. We are greatly indebted to J. 
Monod of the Pasteur Institute, Paris for cultures of these strains. 

For measurement of permease activity, washed cells were in- 
cubated with C-labeled substrate in the presence of 100 ug per 
ml of chloromycetin, and the accumulation of internal radioac- 
tivity was determined by the Millipore technique described 
previously (5). Hydrolysis of NPG by intact cells was meas- 
ured by the method of Herzenberg (10). 

Uniformly labeled C'-galactose was obtained from G. Milhaud 
of the Pasteur Institute, Paris, France and was chromatographi- 
cally pure. C-labeled a-methyl glucoside was prepared from 


1 The abbreviation used is: NPG, o-nitrophenyl galactoside. 
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Fia. 1. Effect of dinitrophenol on entry and accumulation of 
C-galactose. Resting cell suspensions (153 ug per ml) were in- 
cubated at 25° in the presence of 5°*X 10-5 m C4-galactose (1.04 X 
10° c.p.m. per umole). When dinitrophenol was present initially, 
the cells were exposed to the inhibitor for 5 minutes before addi- 
tion of the C'*-galactose. At 16 minutes 1 m C!-galactose was 
added to a final concentration of 3 X 10°? m. At the time indi- 
cated, 1.0-ml aliquots were collected on a Millipore filter, washed, 
dried, and counted. The first order exit constants (c) were de- 
termined from the rates of uptake (circles) and from the rates of 
displacement (squares) as indicated in the text. 
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Fig. 2. Effect of dinitrophenol on galactose oxidation in strain 
ML 30. Washed galactose-adapted cells were suspended in me- 
dium 63 containing 100 ug per ml of chloromycetin (but no car- 
bon source) for manometric determination of galactose oxidation. 
Duplicate 3.0-ml aliquots of cells (200 ug dry weight per ml) were 
incubated 10 minutes at 30° in air with dinitrophenol at the indi- 
cated concentrations. At this time, 1.0 umole of galactose was 
added to one of the pair from the side-arm, and measurement of 
oxygen consumption continued over a 3-hour period. All values 
are corrected for oxygen consumption in the absence of added 
galactose. 
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glucose-U-C™ by the method of Patterson and Robertson (11). 
Other materials were obtained from commercial sources. 


RESULTS 
Effect of DNP on Exit Reaction—As was originally observed 
by Horecker, Thomas, and Monod (5), accumulation of C'- 
galactose by the galactokinaseless mutant, ML 32,400, is almost 
completely abolished by 10-* m dinitrophenol. At lower concen- 
trations of dinitrophenol the steady state level of internal galac- 
tose is depressed substantially but there is little effect on its 
initial rate of entry. This is illustrated in Fig. 1. In the pres- 
ence of 5 X 10-5 m dinitrophenol, the maximal internal concen- 
tration of galactose is depressed approximately 50%. This effect 
can be shown in two ways to be due to an increased rate of loss 
of internal radioactivity, rather than to a decreased rate of up- 
take. One procedure depends upon the displacement of internal 
radioactivity by unlabeled galactose. The first order rate con- 
stant for exit is calculated from the slope of the line obtained by 
plotting log G;,,/G,, against time, where G,, is the internal con- 
centration at plateau. The exit constant can also be calculated 
indirectly from the uptake curve with the use of the previously 
derived relation (6): 
a 


] pth 
og G 


«© 


Gis 





= ct (2) 
The corresponding first order exit constants (c), shown in the 
inset, were identical whether determined from the rates of dis- 
placement after addition of nonradioactive galactose (squares) 
or from the initial rates of uptake of labeled galactose (circles); 
under the influence of 5 X 10-5 m dinitrophenol, the exit con- 
stant is increased from 0.46 min-! to 0.83 min-. This increase 
in exit rate accounts quantitatively for the decreased galactose 
accumulation. Calculation of the initial rate of entry, y, (cf. 
Equation 1), yielded values of 10.1 and 10.0 wmoles g- min“, 
respectively, in the presence and absence of dinitrophenol. 

Stimulation of galactose exit by higher concentrations of DNP 
(10-3 m), and azide has also been observed by Rotman and Guz- 
man (12). 

Galactose Oxidation and Uptake by Intact Cells—Further evi- 
dence that low levels of dinitrophenol inhibit primarily the ac- 
cumulation of substrate rather than its penetration into the cell 
was obtained by a comparison of oxidation of galactose in the 
parent strain with C™-galactose uptake in both parent and mu- 
tant. With cells of the wild type, ML 30, both the rate and 
extent of oxidation are stimulated at low levels of dinitrophenol 


(Fig. 2) suggesting that ability of the cells to take up galactose | 
is not severely inhibited by concentrations of DNP below 2 x} 


10-4 m; oxidation does appear to be inhibited, however, at 107 
mM DNP. 


Similar results were obtained when uptake of C'-galactose/ 


was measured in ML 30 (Fig. 3). It has previously been shown 
(5) that free galactose does not accumulate in this organism. 


In the mutant strain ML 32,400, on the other hand, inhibition! 


of accumulation was evident at 5 X 10-5 m dinitrophenol, al- 
though the initial rate of entry did not appear to be significantly 
altered. The initial burst of uptake is characteristic of experi- 
ments carried out with the mutant strain in the presence of low 
concentrations of dinitrophenol. As the concentration of dini- 
trophenol is increased, the parent strain begins to show some 
inhibition, and at 10-* m dinitrophenol, galactose uptake is very 
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Fic. 3. Effect of dinitrophenol on C'‘-galactose uptake in ML 
30 and ML 32,400. The experimental conditions were identical 
to those in Fig. 2, except that C'*-labeled galactose (1.04 x 105 
c.p.m. per umole) was used. Internal radioactivity was deter- 
mined by the Millipore technique. 


low in both strains. Dinitrophenol, therefore, seems to have a 
dual effect: at low levels, only accumulation of nonmetabolized 
substrate is inhibited, whereas at high concentrations, entry of 
substrate is also affected. 

Hydrolysis of o-Nitrophenyl Galactoside—The conclusion that 
low levels of dinitrophenol do not inhibit entry of substrate is 
further supported by experiments with the 6-galactoside per- 
mease system. Rickenberg et al. (2) observed that accumulation 
of thiogalactosides is inhibited almost completely by 10-* m 
dinitrophenol. However, we have found the hydrolysis of NPG 
by intact cells to be much less sensitive to this agent. In ML 
308, which possesses a constitutive B-galactoside permease and 
6-galactosidase, the rate of hydrolysis of 5 xX 10-* m NPG is 
identical in the presence and absence of 1 X 10-* m dinitrophenol? 
(Fig. 4). Similar observations have recently been reported by 
Rotman and Guzman (12). Since entry of NPG into the cell is 
clearly the rate-limiting factor in its hydrolysis (as judged by the 
15-fold increase in rate after treatment with toluene), it can 
again be concluded that dinitrophenol acts primarily to “un- 
couple” entry from accumulation. The fact that hydrolysis of 
NPG in the cryptic strain, ML 35, is unaffected by dinitrophenol 
indicates that the permeability barrier is not damaged by the 
inhibitor. 

Effect of Galactose Concentration on Accumulation in Presence 
of Dinitrophenol—The effect of dinitrophenol on retention of 
galactose against a concentration gradient is shown in Table I. 
In the absence of dinitrophenol the permease system is saturated 
at an external galactose concentration of approximately 5 x 
10-§ m; the corresponding internal concentration at steady state 
is approximately 1 x 10-* m, 200-fold greater than that of the 
medium. In the presence of 10-* m dinitrophenol, the internal 
galactose concentration drops to 1% of its normal value, but is 
still somewhat higher than that of the medium. If the external 
galactose concentration is increased to 4.3 x 10-* m, the internal 


* Although no effect of dinitrophenol was visible at an external 
NPG concentration of 5 X 10-* M, a partial inhibition was ob- 
served when the NPG concentration was decreased to 5 X 10-‘ M. 
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concentration also rises, but does not reach that of the medium, 
even though this concentration is readily surpassed in the ab- 
sence of inhibitor. Thus, under these conditions, dinitrophenol 
interferes with equilibration of galactose across the permeability 
barrier. The uptake of galactose in the presence of 10° m 
dinitrophenol, although small, is quite rapid, reaching a maximal 
level within 2 minutes at 25°. 

Retention of Previously Accumulated Galactose—The results 
presented here suggest the existence of an energy-dependent 
mechanism for the accumulation of galactose or galactosides 
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Fie. 4. Effect of dinitrophenol on hydrolysis of NPG by intact 
cells. Cell suspensions (200 wg per ml) were incubated at 25° 
with 5 X 10°? m NPG and dinitrophenol as indicated. At zero 
time, and at intervals thereafter, aliquots were diluted into cold 
1 m Na2CO; and the optical density was measured at 420 my in a 
Beckman model DU spectrophotometer. Values are corrected for 
blank absorption in the absence of cells. Where indicated, the 
cell suspension was shaken gently for 10 minutes with 0.05 vol- 
ume of toluene before addition of NPG. 


TaBLeE I 
Effect of dinitrophenol on accumulation of galactose 

Washed cell suspensions of ML 32,400 (200 ug dry weight per 
ml) were incubated at 25° with C'-galactose (1.08 XK 105 c.p.m. 
per umole) in the presence or absence of dinitrophenol. Aliquots 
were removed over a 20-minute period for determination of inter- 
nal radioactivity. The intracellular concentration of galactose 
was calculated from the average internal radioactivity at steady 
state, assuming that 1 g of dry cells corresponds to 4 ml of internal 
water. 

















Galactose concentration ' 
Dinitrophenol Pe ll 
External Internal 
M M 
None 2.5 X 10-¢ 4.1 X 10-3 1640 
4.3 X 10-5 1.0 X 10°? 233 
1X 10° 4.3 X 10-5 1.5 X 10-4 2.9 
4.3 X 10-3 2.0 X 10-3 0.45 
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which is, to some degree, distinct from the entry process itself. 
To the extent that exit of internal galactose is blocked by the 
operation of such a mechanism, retention of previously accumu- 
lated substrate should not be dependent upon continued entry. 
That this is the case is demonstrated by the following experiment 
in which galactose-labeled cells were transferred to a galactose- 
free medium (Table II). Dilute suspensions of ML 32,400 (38 
ug dry weight per ml) were exposed to a saturating concentration 


TABLE II 


Retention of accumulated galactose in cells transferred to 
galactose-free medium 

A resting cell suspension (38 ug dry weight per ml) was incu- 
bated 20 minutes at 25° with 3.2 X 10-5 m C'4-galactose. At this 
time, aliquots were removed for determination of intra- and extra- 
cellular radioactivity, and the remainder of the incubation mix- 
ture was chilled, centrifuged, and washed by resuspending in 
cold, galactose-free medium. After centrifugation, the cells were 
resuspended to the original density in fresh galactose-free me- 
dium at 25°. Dinitrophenol was added to a final concentration of 
1 X 10°? mM to one portion of the resuspended cells. Incubation 
was continued for 60 minutes at.25°, and aliquots were removed 
for determination of intracellular radioactivity at 5-minute inter- 
vals. The external galactose concentration was determined from 
the radioactivity of the medium after removal of cells by mem- 
brane filtration. Intracellular galactose concentration was cal- 
culated as in Table I. 
































Galactose concentration 
Treatment . 
External | Internal 
: Sa = moles/liter 
I 3 ee a, | 3.0 X 10-5 | 1.3 X 10°? 
1 Minute after resuspending. ......... | 6.9 X 1077 | 1.2 K 10-2 
60 Minutes after resuspending.........| 6.9 X 10-7 | 1.3 X 10-2 
30 Minutes after resuspending in 10-* m 
oe eT ere eee 3.3 X 10-* | 0.5 K 10°? 
500 
o PRELOADED WITH 
fas GALACTOSE 
= ‘A PRELOADED WITH 
se B-METHYL GALACTOSIDE 
es @ NOT PRELOADED 
2 
2 250; 
oo) 
3 
GJ 
| 
Zz 
0 a 10 15 20 
MINUTES 


Fia. 5. Galactose exchange in the presence of dinitrophenol. 
Suspensions of ML 32,400 (176 ug per ml) were incubated for 20 
minutes at 25° in the presence of nonradioactive galactose (5 X 
10-5 m) or B-methyl galactoside (5 X 10-*m). The cells were then 
centrifuged, washed, and resuspended to the original density in 
medium containing 1 X 10-* m dinitrophenol and 5 X 10-5 m C"*- 
galactose (1.05 X 105 c.p.m. per umole). Incubation was con- 
tinued at 25°, and 1.0-ml aliquots were removed for filtration at 
the times indicated. Control cells were treated identically ex- 
cept for omission of sugar during the first incubation. 


Galactose Transport in E. coli. 


III Vol. 236, No. 10 
TaBLeE IIT 
Effect of dinitrophenol on a-methyl glucoside uptake 


Washed cell suspensions (200 ug dry weight per ml) were incu- 
bated at 25° for 15 minutes with 1 X 10-4 m C-labeled a-methy] 
glucoside and dinitrophenol as indicated. 








Strain Additions | Uptake | Inhibition 
| ' 
c.p.m. | % 
ML 32,400 None | 151 | 
1 X 10-*mdinitrophenol | 118 | 20 
5 X 10-3 m dinitrophenol | 96 | 33 
ML 30 None 284 | 
1 X 10-3 m dinitrophenol 214 | 24 
130 | = 35 


5 X 10-3 m dinitrophenol 





of C'*-galactose (3 X 10-> m) for 20 minutes, centrifuged and 
washed to remove external galactose, and resuspended in fresh 
medium in the absence of added galactose. The internal radio- 
activity of the washed cells was measured over a period of 1 hour. 
Before centrifugation, the cells had accumulated 64.5 wmoles of 
galactose per g dry weight. After washing and resuspending in 
galactose-free medium a value of 61.5 wmoles per g was obtained, 
and this level of internal galactose was maintained over the 60- 
minute test period. Measurement of the apparent K,, for 
galactose under identical experimental conditions yielded a value 
of 3 X 10-* m, whereas the external galactose concentration of 
the washed cell suspension was estimated (by measurement of 
the radioactivity of the medium) at 6.9 x 10-7 m. The cells 
are therefore able to retain previously accumulated galactose 
even under conditions in which uptake de novo is greatly re- 
duced. Addition of dinitrophenol or nonradioactive galactose 
resulted in rapid loss of radioactivity from the cells. These 
results provide confirmation for the earlier suggestion (6) that 
the cells are impermeable to movement of the sugar in either 
direction, and exit cannot be accounted for on the basis of passive 
diffusion. 

Galactose Exchange in Presence of Dinitrophenol—Although 
entry of galactose, as well as internal accumulation, is inhibited 
by 10-* m dinitrophenol, exchange of internal and external galac- 
tose can be detected in the presence of the inhibitor. Cells were 
incubated in a medium containing 5 xX 10-5 m C"-galactose, 
centrifuged, and resuspended in fresh medium containing 107 
mM dinitrophenol and 5 X 10-5 m C"*-galactose. Control cells 
were treated identically except that no galactose was present 
during the first incubation period. The results are shown in 
Fig. 5. The initial burst of C'-galactose uptake in the preloaded 
cells is interpreted as an exchange of galactose across the mem- 
brane, whereas the subsequent decline in the level of internal 


radioactivity appears to correspond to the normally observed,” 
The initial rate of galac-| 


dinitrophenol-induced, exit reaction. 
tose uptake in the dinitrophenol-treated preloaded cells is ap- 
proximately 30% of that observed in the absence of dinitro- 
phenol. The exchange is specific for galactose; incubation with 
glucose or 6-methy! galactoside has little effect on entry in the 
presence of dinitrophenol. It should be noted that, in the ab- 
sence of dinitrophenol, preloading has no detectable effect on the 
rate or extent of galactose accumulation. A similar exchange 
of thiogalactosides in the presence of dinitrophenol has been 
observed by Kepes (8). 

Effect of Dinitrophenol on Accumulation of a-Methyl Glucoside— 


Since accumulation of a nonmetabolized substrate against a con- 
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centration gradient must require expenditure of energy, it might 
be predicted that all such permease systems should be sensitive 
to inhibition by energy-uncoupling agents such as dinitrophenol. 
In this respect, transport and accumulation of a-methy! gluco- 
side appear to be anomalous. Cohen and Monod (1) observed 
that accumulation of a-methy! glucoside via a transport system 
closely related to the glucose permease was resistant to dinitro- 
phenol. We have confirmed this observation. As shown in 
Table III, uptake of a-methy] glucoside is inhibited less than 
50% at a dinitrophenol concentration of 5 X 10-* M, a level 5 to 
10 times higher than that required for essentially complete in- 
hibition of galactose accumulation. Similarly, no displacement 
of a-methyl glucoside from the cell can be observed after addition 
of dinitrophenol. Since the steady state internal concentration 
of a-methy] glucoside is 50- to 100-fold greater than that of the 
medium, it is difficult to account for the resistance of this system 
to dinitrophenol if the action of dinitrophenol is, indeed, through 
its effect on energy metabolism of the cell. 


DISCUSSION 


The evidence presented here strongly suggests that accumula- 
tion of intracellular galactose against a concentration gradient 
depends on a retention mechanism which is, to a considerable 
degree, functionally distinct from the entry process. The fact 
that internal galactose is not removed from the cell by washing 
or prolonged incubation in galactose-free medium indicates that 
this mechanism normally operates with a high degree of 
efficiency. The specific inhibition of accumulation by low con- 
centrations of dinitrophenol suggests that the accumulation 
mechanism is energy-dependent, and, in fact, more sensitive to 
energy uncoupling than entry itself. However, the data do not 
imply that entry is not energy-dependent, since high concentra- 
tions of dinitrophenol interfere with entry as well as retention. 
On the other hand, although the effect of dinitrophenol is gen- 
erally assumed to result from uncoupling of oxidative phos- 
phorylation, the possibility of a more direct interference with 
the permease system has not been excluded. 

Although entry and retention are functionally separable, they 
may represent two aspects of a single, integrated transport mech- 
anism. The present observations are, in general, compatible 
with the catalytic carrier model of Cohen and Monod, as elabo- 
rated by Kepes (8). According to this model, external galactose 
(Gz) reacts with an activated transporter substance (RT) near 
the outer boundary of the membrane: 


_ The galactose-transporter complex (GT) which is formed then 
passes to the inner boundary of the membrane and is there dis- 


sociated into internal galactose (G;,) and free transporter sub- 
stance (7’): 


GT =G,,+ T (4) 
To complete the cycle, the activated transporter substance is re- 


/» “*"* generated in an energy-dependent step: 
dinitro-~ 


ATP 


Rg +? ——— &F (5) 


On the basis of kinetic analysis of the 6-galactoside permease, 
Kepes (8) has postulated that the transporter substance is pres- 
ent in excess and is normally entirely in the activated form, RT’. 
It is further supposed that RT is unavailable for reaction with 
internal galactose, but that reaction of G;, with free T is possible, 
and forms the first step in exit. 

These reactions can also account for the effects of dinitrophenol 


YIM 
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on galactose exit and entry, and for the retention of previously 
accumulated substrate in galactose-free medium. Thus, at low 
levels of dinitrophenol, partial inhibition of reaction (5) would 
result in an increased concentration of free 7’, and, therefore, in 
an increased exit rate by reversal of reaction (4). Progressive 
inhibition of reaction (5) at higher concentrations of dinitro- 
phenol would, however, eventually result in inhibition of entry 
(cf. Equation 3). Similarly, so long as the transporter substance 
were present entirely as RT, exit of internal galactose would be 
inhibited; however, upon addition of dinitrophenol or of external 
galactose to regenerate free 7’, exit would be initiated. 

Randle and Smith (13) and Kono and Colowick (14) have 
recently observed that dinitrophenol stimulates galactose entry 
into rat diaphragm. Although the relationship between the 
mechanism of transport in the animal and bacterial systems is 
by no means clear, it is tempting to speculate that entry of the 
sugar into diaphragm (which does not involve accumulation 
against a concentration gradient) is catalyzed by a mechanism 
similar to that catalyzing the exit process in E. coli. 


SUMMARY 


Accumulation of galactose by a galactokinaseless mutant of 
Escherichia coli ML is inhibited by low concentrations of 2,4- 
dinitrophenol (5 X 10-5). This effect on accumulation is the 
result of an increased rate of exit of galactose from the cell; the 
rate of entry of the sugar is not affected at low concentrations of 
inhibitor. At high concentrations of dinitrophenol (1 x 10-3 
M), entry of galactose is also markedly reduced; however, a rapid 
exchange of external galactose with previously accumulated, 
intracellular galactose can be demonstrated under these condi- 
tions. 

Observations with the 6-galactoside transport system also in- 
dicate that the rate of penetration of substrate into the cell is 
relatively little affected by dinitrophenol. The rate of hydrolysis 
of o-nitropheny! galactoside by intact cells is not appreciably 
inhibited by 1 xX 10-* m dinitrophenol, although accumulation 
of nonmetabolized substrates, such as thiogalactosides is almost 
completely blocked under these conditions. 

It is postulated that retention of intracellular galactose (and 
galactosides) against a concentration gradient depends upon the 
integrity of an energy-dependent accumulation mechanism which 
is functionally distinct from the entry process. 
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Although numerous analyses of the phospholipids of verte- 
brates have been carried out, few investigations have been made 
of the phospholipids of representatives of other animal phyla. 
Some evidence exists that both qualitative and quantitative 
differences may be exhibited. 

Thus, in insect systems, Etienne and Kahane (1) have shown 
the phospholipids of Patella vulgata to contain betaine as a con- 
stituent part of the molecule. The principal, if not the only, 
phospholipids (2) of Anthopleura elegantissima were sphingo- 
myelin and plasmalogen in a ratio of 20:1. Westley, Wren, 
and Mitchell (3) and Wren and Mitchell (4) described the pres- 
ence of amino acids other than serine in the phospholipids of 
Drosophila. The two latter authors, in a more recent communi- 
cation (5), indicate that these amino acids may apparently re- 
sult from non enzymatic, post-mortem changes. A 

Recent work in this laboratory (6, 7) on the nutrition’ and 
metabolism of phospholipid fractions in the black blowfly 
Phormia regina, led to an investigation of the phospholipid pat- 
terns in various developmental stages of this organism, and the 
results show that these differ from the patterns which have 
been obtained with adult vertebrate material. 


EXPERIMENTAL PROCEDURE 


The flies used for extraction of phospholipids were reared by 
the method of McGinnis et al. (8). To obtain adult material, 
larvae reared by the above technique were removed and placed 
in a mixture of sterile dry sawdust and wood shavings to induce 
pupation. When emergence started, the flies were removed 
every 24 hours by an insufflator attached to a suction pump, 
then stored at —20° in order that the age of the material, after 
emergence from the puparium, should not vary by more than 
24 hours. Eggs were collected over a period of several months 
and stored at —20° until a sample large enough for investigation 
was accumulated. The larvae were also stored at —20° until 
needed. 


* Supported by grants-in-aid from the National Science Foun- 
dation, Research Corporation, and the Division of Research 
Grants, United States Public Health Service. Published with 
the approval of the Monographs Publication Committee, Re- 
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Oregon State College, 1960. Present address, Department of 
Entomology, University of Wisconsin, Madison, Wisconsin. 

+ Scholar of Ethel M. Craig Memorial Grant from the American 
Cancer Society. On leave, University of Connecticut, 1960-61. 


The lipids were extracted with a chloroform-methanol mix- 
ture. The entire tissue was extracted by grinding successively 
in three aliquots of chloroform-methanol (2:1). Each grinding 
operation lasted for 5 minutes in a Waring Blendor with stand- 
ing for 1 and 3 hours after the second and third treatments. No 
special precautions were taken to avoid autoxidation. The total 
volume of solvent was at least 9 times the weight of the wet 
tissue. One-third of the solvent was used for each extraction. 
The first chloroform-methanol extract contained an aqueous 
phase which was removed and washed twice with small amounts 
of chloroform. The chloroform washings were added to the 
combined organic extracts. The combined extracts were 
washed with 0.2 volume of 0.79% NaCl and then washed with 
0.2 volume of a 50:50 mixture of 0.79% NaCl and methanol. 
When the methanol was eliminated in the second wash an inter- 
facial fluff appeared. This fluff may have contained proteolipid 
as described by Folch et al. (9). Since the fluff was not ob- 
tained by using proper methanol concentrations, it was not in- 
vestigated further. 

The extract was evaporated to dryness, then dissolved as 
needed in a chloroform solution and applied to a silicic acid- 
Hyflo Super-Cel column (80 g of silicic acid, 40 g of Hyflo, and 
2.6 cm in diameter column) as described by Hanahan et al. (10). 
Nitrogen pressure was used to keep the flow rate between 1 and 
2 ml per minute. A total of 400 drops per fraction were col- 
lected for the chloroform elution and 310 drops per fraction were 
collected for the subsequent elutions. The volumes of the in- 
dividual fractions were as follows: 400 drops of chloroform = 
6.4 ml; 310 drops of chloroform-methanol, 4:1 = 5.5 ml; 310 
drops of chloroform-methanol, 3:2 = 5.6 ml; 310 drops of chloro- 
form-methanol, 1:4 = 6.05 ml; and 310 drops of methanol = 
7.1 ml. These volumes varied slightly depending on the tem- 
perature. 

The lipid isolation procedure was tested in the following 
manner. One hundred fourteen grams of larvae were extracted 
three times with chloroform-methanol as described above with 
a total of 900 ml of solvent. The residue was extracted a fourth 
time with 300 ml of solvent (chloroform-methanol 2:1) by grind- 
ing for 5 minutes in a Waring Blendor and letting the mixture 
stand for 17.5 hours. After filtering the suspension, the total 


amount of phosphorus in the extract was found to be 8.8 umoles, , 


which is less than 1% of the phospholipid phosphorus obtained 
in the first three extractions. Therefore, extraction of phospha- 
tides with this solvent pair appears to have been reasonably ef- 
fective with three operations, as routinely used. The aqueous 
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phase obtained in the first chloroform-methanol extraction was 
evaporated to dryness and extracted three times with chloro- 
form-methanol, 2:1, with the third extraction period being 
greater than 40 hours. The total phosphorus extracted 
amounted to 1.3 umoles. 

Loss of lipid phosphorus during the washing procedures was 
tested as follows. The extract obtained from the first three 
chloroform-methanol extractions was washed with 180 ml of 
0.79% NaCl. This washing was evaporated to dryness and 
extracted three times with 2:1 chloroform-methanol. The third 
extraction was over 40 hours in duration. The amount of phos- 
phorus in this wash was 0.1 umole. One hundred milliliters of 
the organic phase were then extracted with 0.2 volume of a 
50:50 mixture of methanol-0.79% NaCl. This aqueous layer 
contained 0.9 umole of phosphorus, which is equivalent to 4.5 
umoles of phosphorus (less than 0.5%) being extracted from the 
entire sample. The total phosphorus found in the various 
aqueous phases was thus less than 1% of the total phospholipid 
material extracted. The phospholipids lost in the aqueous 
phase were not investigated, since they represented such a small 
portion of the total. 

Recovery of lipid phosphorus after chromatography was 
tested as follows. The total washed chloroform-methano! ex- 
tract of the test larvae was evaporated to dryness, dissolved in 
chloroform, applied to a silicic acid (80 g) Hyflo (40 g) column, 
and eluted with 650 ml of chloroform, 800 ml of chloroform- 
methanol (4:1), 1400 ml of chloroform-methanol (3:2), 685 ml 
of chloroform-methanol (1:4), and 750 ml of methanol, respec- 
tively. The eluate was collected in a single container and 
evaporated to dryness. A total of 1077 uwmoles of phospholipid 
phosphorus was added to the column and 1040 umoles were re- 
covered, or a 96.6% total recovery was obtained. 

The position of the phospholipid peaks eluted from the column 
was determined by phosphorus analysis according to Bartlett 
(11). Inorganic phosphorus was determined by a modification 
of this method. 

The fractions which comprised the peaks were pooled and 
examined for nitrogen-containing constituents. After evapora- 
tion of the solvent, the phospholipids were hydrolyzed with 6 N 
HCl in a sealed tube for 15 hours at 105°, extracted with ether, 
and evaporated to dryness under vacuum. The residues were 
either (a) dissolved in water and chromatographed on paper with 
ethanol-NH,OH (95:5) or butanone-20% HOAc-methy] cello- 
solve (40:20:15) or (6) dissolved in 0.5 n HCl in preparation for 
quantitative nitrogen analyses. The hydrolysates containing 
the nitrogenous components were applied to a Dowex 50 column 
(8 X 400 mm) and successively eluted with 0.5 Nn, 1.0 N, and 1.5 
N HCl similarly to the method of Christianson et al. (12). The 
resulting solutions were evaporated to dryness under vacuum 
and dissolved to 0.3 ml with distilled water. Aliquots were then 
taken for identification and determination of the nitrogenous 
components. Nitrogen was determined by the method of Lang 
(13). Inositol was detected by the method of Feigel and Gentil 
(14) and determined quantitatively by microbiological assay 
with Kloeckera apiculata (ATCC 9774). The assay medium 
resembled closely that of Williams et al. (15). Amino acids were 
detected with ninhydrin, and choline by Dragendorf’s reagent. 
Ester determinations were done by the method of Snyder and 
Stephens (16). Plasmalogen was detected by a method similar 
to the one employed by Gray (17). 
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RESULTS 


The results of the separation of different classes of phospho- 
lipids from larvae, eggs, and adults (0 to 24 hours after emer- 
gence) are shown in Figs. 1 through 3. 

The total phosphorus in each fraction was determined by 
combining the eluates of each individual peak, diluting to a 
known volume, and then determining the total phosphorus con- 
tent of the fraction. This was equivalent to the organic phos- 
phorus in the fraction since the inorganic phosphorus was neg- 
ligible. 

Tables I to III show the amounts of the principal components 
present in the eggs, larvae, and adult flies. It can be seen that 
in most fractions the nitrogen content of the individual peaks 
was greater than the phosphorus content. Extensive washing 
failed to lower these N:P ratios significantly. The main nitro- 
gen contaminants appeared to be leucine or isoleucine, valine, 
and threonine. From the tables it can be seen that phospho- 
lipids containing ethanolamine are the principal ones present in 
the egg, larva, and adult. Peak I, the largest in each develop- 
mental stage, is principally composed of phosphatidylethanol- 
amine. Peak Ia of the egg, brown in color, showed a high N:P 
and ester:P ratio. The front portion of the phosphatidyl- 
ethanolamine peak (J) of both the adult and larva was colored 
brown and had high N:P ratios, which indicates that the front 
portion of these peaks may have been similar to Peak Ia of the 
egg. Peak III of all stages contained inositol, a large amount 
of ethanolamine, and a smaller amount of serine. The ester:P 
ratios of Peaks III and IIIa in each stage indicate the presence 
of lysophosphatidylethanolamine and serine or plasmalogens or 
both. Positive aldehyde tests were obtained for these peaks. 
The inositol content of the larva is 4.2% of the total phospho- 
lipid (mole ratio of inositol: P = 0.25) but is less than 1% in the 
adult. Peak IIIa of the egg appears quantitatively very similar 
to Peak III, except that Peak ITIa has a considerable amount 
of what appears to be extraneous nitrogen (N:P = 1.5). Peak 
III appeared to contain more plasmalogen than Peak IIIa. 
Peak IV in each stage is principally lecithin. 

The last major peak (Fraction V) in each stage has N:P ratios 
between 1.2 and 1.5. The nitrogen components are mainly 
choline plus ethanolamine and certain amino acids. It appears 
that these peaks are mainly lysolecithin or plasmalogen con- 
taminated with amino acid nitrogen. However, the ester:P 
ratios are so inconsistent that they do not bear heavily on this 
conclusion, since in some of the preceding fractions the ester:P 
ratios were higher than one would expect if only phospholipid 
were present. The hydrolysates of the choline-containing peaks 
were tested for sphingomyelin by a method similar to that used 
by Saito (18) except that HCl was the hydrolyzing acid rather 
than H.SO,. The reddish colored spots obtained were water- 
soluble so the test for sphingomyelin was considered generally 
negative. Sphingomyelin, if present at all, would be expected 
in the small un-numbered peak which was eluted between Peaks 
IV and V. These represented less than 5 wmoles of P in each 
developmental stage and had N:P ratios of 1.4 for the egg, 1.9 
for the larva, and 1.8 for the adult. The hydrolysates contained 
serine, threonine, ethanolamine, valine, and choline. The 
choline could possibly arise as tailing from the previous lecithin 
peak. The egg and adult did not give a positive sphingosine 
test (but known samples of sphingomyelin yielded positive tests) ; 
however, since such a small amount of this material was available, 
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Fia. 1. Separation of different classes of phospholipids from 37 g of Phormia regina eggs. 310 drops were collected per fraction and 
phosphorus determinations were carried out on every third fraction. C = chloroform, M = methanol. 
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Fia. 2. Separation of different classes of phospholipids from 144 g of Phormia regina larvae. 310 drops were collected per fractiot - “ 
and phosphorus determinations were carried out on every third fraction. C = chloroform, M = methanol. : oer 


100F 


TOTAL P(yg/FRACTION] 








Fa 

















cen 


= Dy emeasneey 






































10 October 1961 Bieber, Hodgson, Cheldelin, Brookes, and Newburgh 2593 
+CHCl sol e— = (3:2) 3. 1 cm (1.4) 9} — MeOH 
1g00 , es 
| I | { l 
yf | : 
500 | | : \ 
pitt | \ 
| > { i] ] 
| i] 
| t | 
>-400} ; ! 
° | 
hs | | i 
oO | | i . 
mH 300F | 
: | | ; 
~ ; t ! 
4 y | | 
as \ 
a 200} | ; a - ! 
a | | l \ 
= | | I ' 
° ' 
- 100} { | ' ' 
| i 
I I \ 
; & | 
100 200 300 400 500 600 
FRACTION 


Fig. 3. Separation of different classes of phospholipids from 126 g of Phormia regina adults, 0 to 24 hours after emergence. 310 drops 
were collected per fraction and phosphorus determinations were carried out on every third fraction. C = chloroform, M = methanol. 
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TABLE I TaBLeE II 
Analysis of phospholipids of Phormia regina eggs* Analysis of phospholipids of Phormia regina larvae* 
2 2] 2] 2 z3 a 2) 2 * 
Fraction | P (or- N:P Total a ® pn ame a, & 38 ae Plasmalogen £8 a Frac- N:P E g@ E ae a's Bs 
Nev" Jenmo| rus) F | 83] mas |S2/g2/e2| [EES SE feats (mes ME" he a Hs |Bs/es |r| ge 
——|—_|—_|__|— —|= |\—— a” |a™ | 3" /6"| a" z° 
umoles % | % ated —— RS ee a es 
Ia | 7.7/3.7 | 3.2/9.9 | Trace|0.90 +++ | 721 ona % % 
I | 81 [1.12\33.4/2.7 | 0.85 |0.06 + | 9 I | 865 (1.01/58 | 2.28 | 0.92) 0.03 + 96 
II | 21.3]1.08| 8.8|3.6 | 0.88 |0.08 Negative! 105 IT | 51 |1.86) 3.5) 4.2 | 0.39) 0.04 + 27t 
IIa | 28.4{1.51/11.7/1.11| 0.71 j0.11) 0.12) = + 98 TIT | 250 |1.01/17 | 1.41 | 0.46) 0.10} = 0.25) +++ | 68t 
IIL | 57 |0.96|23.4/1.37| 0.90 |0.09} {0.11) +++ | 102 IV | 302 |1.00/20 | 2.04 0.92 Negative} 92 
IV | 34 [1.21/14 |2.4 | 0.06 |0.03/0.94 Trace | 110 V | 22 |1.39) 1.4) 0.75?) 0.20) 0.100.92 co’ 108 
, ope —— ae. Lo * Represents 144 g of larvae, wet weight. 
* Represents 37 g of egg, wet weight. + Black precipitate formed during hydrolysis. 
+ Black precipitate formed during hydrolysis. 
TaBLeE III 
sphingomyelin could have been overlooked, especially if it were Analysis of phospholipids of Phormia regina adult* 
_ present as part of a mixture. On the other hand, work being ° #2 | 2 4 + 
done in this laboratory with similar procedures on a smaller scale 5, 4. N:P 2 |e£|2 | 8/8 Bs 
A 5 i : é 3 P (or- Total SL | a he lees Plasmalogen | 2A & 
with the developing chick embryo has yielded a sphingomyelin #0" |ganic) |mole | P| &.2 22) sg | 22/38 test se 
peak after the lecithin peak. 2 = em | 58) 25 3 é Zs 8 
The high ester:P ratio in some of the peaks, especially in the —— — — —_| =—_|—_____ 
_ egg, suggests that some nonphosphorus-containing ester may be poate % % 
present. No attempt was made to investigate this area. I | 1545)1.04/66 | 2.22) 0.82) 0.03 + : 87t 
The major portion of the plasmalogen appeared to be in Frac- 001.78) 3 | 1.42) 0.83) 0.28 Negative) 681 
_ tion ITI of each developmental stage; however, positive aldehyde = ee | fa on satan: hdd = 
E ' P ne » Por yae Iv | 382\1.04|17 | 2.36 1.02 Negative| 99 
‘ tests were obtained for the majority of the fractions, as can be V 40!1.17| 1.7! 1.55! 0.28] 0.03] 0.76 + 124 
_ seen in Tables I to ITI. 



































Table IV represents the amount of each phospholipid fraction * Represents 126 g of adult, wet weight. 


or fractiol on dry weight and a per individual basis. t Black precipitate formed during hydrolysis. 
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TABLE IV 
Analysis of phospholipid fractions in Phormia regina 




















Phospholipid P Total phospholipid P per 
concentration* individualf 
Fraction No.} RSs = 
Egg | Larva | Adult Egg | Larva Adult 
#8/8 Hg 
la 30 | 4.6 X 10 | | 
I 318 | 1107 | 1684 | 47.7x10-* | 8.4| 7.0 
II 84 65 | 65 12.6 X 10-* | 0.5} 0.3 
IIIa 111 | | 16.7 X 10-4 | | 
Ill 223 | 320| 332| 33.4xX10- | 2.5) 1.4 
IV | 133 | 387 | 422) 20.010 | 2.9/ 1.8 
V 52; 28/ 44/ 7.710 | 0.2] 0.18 
Total | 950 | 1910 | 2550 | 143 X 10 | 14.5 10.6 





* Dry weight basis: larva = 16.8%, adult = 22.6%, and egg = 
21.4%. 

+ The values given represent averages from approximately 
700,000 eggs, 3,300 larvae, and 8,000 adults. 

t Fraction numbers correspond to those in Tables I, II, and 
IIl. 


The quantitative data represent a single chromatographic 
column for each developmental stage; however, three prelimi- 
nary columns of chloroform-methanol extraction of larval ma- 
terial gave the same general phospholipid profile as well as the 
same qualitative results with respect to the nitrogenous com- 
ponents. 

DISCUSSION 

Amino compounds other than serine and ethanolamine are 
present in varied amounts in the phospholipid hydrolysates, but 
their status as constituents of phospholipid molecules has not 
been investigated further. The possibility exists that they are 
artifacts, as the free amino acid concentration in insects (19) is 
high and phospholipids have the property of rendering normally 
insoluble compounds soluble in lipid solvents (20). 

Upon repeated washing and purification by passing a chloro- 
form solution of Peak III of larvae over a cellulose column, the 
N:P ratio was reduced from 1.09 to 1.01. This ratio still seems 
high since there is considerable inositol present in this peak. 

There is, moreover, a major feature of similarity in the general 
distribution and relative size of the phospholipid fractions of the 
different developmental stages of this organism: the predominant 
phospholipids are those containing ethanolamine and choline. 
Serine- and inositol-containing phosphatides are present in minor 
amounts. The inositol content of the larva is about 8 times 
that in the adult and about twice the content of inositol in the 
egg. From a comparison of Figs. 1 to 3, it would appear that the 
egg phospholipid profile may differ from that of the larva and 
adult. Such a conclusion may not be valid, since only about 
12% as much egg phospholipid material was applied to the silicic 
acid column. If the amount of egg extract applied to the col- 
umn had been increased 8-fold, the resolution of Fractions I and 
Ia, as well as III and IIIa, might not have been realized, with the 
possible result that the phospholipid profiles of the egg would 
appear more similar to those of the other two stages. 

Although examples of imperfect recovery of total nitrogen 
were encountered (believed due either to the small size of ma- 
terial available for analysis, or to difficulty with the determina- 
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tion in question) nonetheless, the measurements of major frac- 
tions were generally satisfactory. 

The total amount of ethanolamine phospholipids is greater 
than 60% in each stage, whereas the choline-containing phos- 
pholipids represent 25% or less. These results differ markedly 
from those obtained from vertebrates. Hanahan et al. (10), for 
example, showed that the choline phospholipids of rat liver and 
beef liver amount to 61 and 54% of the total phospholipids in 
the respective tissues, whereas the ethanolamine derivatives 
constituted only 35 and 34%. Marinetti et al. (21), with differ- 
ent techniques, examined several tissues of the rat and showed 
the choline phospholipids to range from 49 to 66%, whereas the 
ethanolamine and serine phospholipids never comprised more 
than 30% of the total. Phillips (22) showed that 69% of the 
phospholipids of human serum was lecithin. More precise con- 
trasts do not seem desirable since the present work deals with 
whole animal assays, whereas most literature values refer to 
data from individual tissues or organs. 

The failure to detect any sphingomyelin, although possibly 
equivocal, is rather surprising. This would represent, if true, a 
major departure from expereince with vertebrates. 

Table IV shows that, on a dry weight basis, the total phospho- 
lipid concentration of the adult is greater than in the larva and 
almost 3 times as great as in the egg. It can also be seen from 
Table IV that a large amount of phospholipid synthesis must 
take place in the larva, whereas little net synthesis is apparent 
between the larva and adult. This may represent a metabolic 
difference among the different developmental stages of the or- 
ganism, since egg, larva, and adult are all quite separate physio- 
logical types. McGinnis et al. (23) have also shown differences 
to exist in another aspect of metabolism of this organism, namely, 
carbohydrate breakdown, in which a shift in abundance from 
the pentose cycle to Krebs cycle enzymes appears to parallel the 
metamorphic changes in this insect. 


SUMMARY 


1. The phospholipids of three developmental stages of Phormia 
regina have been examined by chromatography on silicic acid. 

2. The major constituents are similar in the egg, larva, and 
young adult and consist of ethanolamine and choline phospho- 
lipids. Ethanolamine phospholipids comprise 60% or more of 
the total phospholipid of each growth stage analyzed, and lipids 
of the lecithin type less than 25%. In this respect the blowfly 
differs markedly from vertebrates. Serine and inositol phos- 
pholipids comprise a relatively small part of the total. 

3. Sphingomyelin was not detected in any of the developmen- 
tal stages under the conditions employed. 

4. The quantities of total phospholipid in the three stages are 
different, being highest in the adult and lowest in the egg. 
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The formation of long chain unsaturated fatty acids from the 
corresponding saturated acids in animals was established by the 
work of Schoenheimer and Rittenberg (1) and Stetten and 
Schoenheimer (2). Recent studies in this laboratory have shown 
that in yeast the formation of A®*-unsaturated fatty acids is 
catalyzed by an enzyme system acting on the coenzyme A deriv- 
atives of the corresponding saturated fatty acids and requiring 
molecular oxygen and reduced triphosphopyridine nucleotide (3). 
In view of the aerobic nature of this process, it became of in- 
terest to test the ability of anaerobic microorganisms to synthe- 
size unsaturated fatty acids. The present communication 
presents evidence for the synthesis of olefinic fatty acids in Clos- 
tridia by an anaerobic mechanism together with observations 
on the interrelationships between saturated and unsaturated 
fatty acids in these organisms. 


EXPERIMENTAL PROCEDURE 


Cells—Clostridium kluyveri was kindly provided by Dr. E. R* 
Stadtman. Clostridium butyricum 6015 was obtained from the 
American Type Culture Collection. Media used for the prep- ~ 
aration of inocula and for the growth of C. kluyveri (4) and C. 
butyricum (5) have been described. 

In experiments designated as strictly anaerobic, the cells were 
grown in flasks that were placed in a vacuum desiccator over 80 
ml of 5% K2CO3.! A beaker containing 10 g of pyrogallic acid 
plus sufficient glass beads to prevent the beaker from floating 
was placed in the K,CO; solution. The desiccator was alter- 
nately evacuated and filled with helium seven times. At the 
last filling, the pressure was set at two-thirds atmosphere of 
helium, the system was sealed, and the beaker containing pyro- 
gallic acid was tipped either by gentle shaking or by means of a 
magnet attached to the beaker. 

For other growth experiments, the alkaline pyrogallol plug 
technique was used (6). Cells were grown in volumetric flasks 
with sufficient medium to fill the vessels to the neck. C. kluyvert 
was grown at 30°, and C. butyricum at 37°. 

Isolation of Lipids—The cells were harvested toward the end 
of the growth phase as determined by visual observation of cell 
density and gas production. The cells were centrifuged from 
the growth medium and washed twice with distilled water. The 


*Supported by grants-in-aid from the United States Public 
Health Service, the National Science Foundation, the Life In- 
surance Medical Research Fund, and the Eugene Higgins Trust 
Fund of Harvard University. 
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ciety Scholar during the latter part of this work. 

1 In the original technique designed by Dr. W. J. Lennarz, a 
solution of KOH was used. Clostridia were unable to grow over 
KOH, presumably because of their requirement for CO>. 


pellet was then suspended in chloroform-methanol (2:1, volume 
for volume) (7) and extracted for 3 hours at room temperature 
by continuous agitation with a magnetic stirrer. The resulting 
suspension was filtered on a Buchner funnel. The filter cake 
was re-extracted twice with chloroform-methanol as described 
above. The filtrates were pooled and concentrated at 25-40° 
on a rotatory evaporator. Any remaining water was removed 
by evaporation after addition of small amounts of benzene and 
ethanol. The residue was extracted with the chloroform- 
methanol solution, and the extract was washed with 0.05 n 
NaCl as described by Folch et al. (7). 

Saponification and Isolation of Fatty Acids—The chloroform- 
methanol solution of lipids was evaporated, 2 ml of 20% KOH 
plus 2 ml of methanol were added and the mixture was refluxed 
under nitrogen for 2 to 3 hours. The nonsaponifiable fraction 
was extracted into redistilled petroleum ether, and the fatty 
acids were similarly extracted after acidification. The extracts 
were washed twice with small volumes of water. 

Vapor Phase Chromatography and C* Counting—The modular 
vapor phase chromatography units of Research Specialties, Inc., 
were used with an argon ionization detector. Columns of poly- 
diethylene glycol succinate on Chromosorb W, 60 to 80 mesh, 
were operated at 165-180°. Samples of fatty acids were esteri- 
fied with diazomethane in ether, evaporated to dryness, and 
taken up in benzene for injection on the column. Fractions were 
collected in U-tubes placed directly on the heated exit tube 
(200°). The U-tubes were cooled by dripping methylene chlo- 
ride on cotton placed on the bend of the tube. The samples, 
thus collected, were washed through the U-tube with 15 ml of 
scintillator solution, dispensed by an automatic pipet, into a 
vial designed for use with the Packard Tri-Carb liquid scintilla- 
tion spectrometer. Scintillation solution was prepared by dis- 
solving 4 g of 2,5-diphenyloxazole and 50 mg of 1,4-bis-2-(5- 
phenyloxazolyl)-benzene in 1 liter of redistilled toluene. 

Relative weights of fatty acids were determined by tracing 


t 


the curves on paper, cutting out the peaks, and determining | 


their weight (8). 


Lovelock (9), in a study of the behavior of | 


the argon ionization detector, has found that equal masses of | 
straight chain saturated fatty acids of molecular weights from | 


180 to 250 produce identical detector responses. 


response as the corresponding saturated acids. 
Measurement of the positions of peaks relative to methyl 


stearate followed by comparison of these relative retention times | 


with those of known compounds was used as the means of identi- 
fication (10). These identifications were confirmed by vapor 
phase chromatography on Apiezon L, a nonpolar liquid phase. 
Vapor phase chromatography on columns of polydiethylene 
glycol succinate before and after chemical separation into satu- 
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rated and unsaturated fractions provided supporting evidence 
for the assignments of the peaks. 

Separation of Saturated and Unsaturated Fatty Acids—The for- 
mation of an adduct between mercuric acetate and unsaturated 
fatty acids was used to separate the methyl esters of saturated 
and unsaturated fatty acids (11). In the early phases of this 
work, the procedure described by Kishimoto and Radin (12) was 
followed. Later, a modification of Jantzen’s procedure de- 
veloped by Dr. W. J. Lennarz of this laboratory was used. To 
0.5 to 3 mg of the dry methy] esters in a 50-ml flask with a round 
bottom were added 10 to 15 mg of mercuric acetate and 1.0 ml 
of a 5% H,0-0.3% acetic acid solution in methanol. The flask 
was closed with a glass stopper and heated to approximately 
60° in a water bath for 3 minutes to dissolve the mercuric acetate. 
The solution was kept overnight in the dark, at room tempera- 
ture. The solvents and excess acetic acid were removed on a 
rotatory evaporator followed by further drying on an oil pump 
vacuum line (methyl esters of acids lower than Cig may be lost 
by evaporation). 

The dry residue was triturated with 1 to 2 ml of redistilled 
benzene three times at 50-60°, and the extracts were filtered 
through glass wool on to a column of approximately 500 mg of 
silicic acid (100 to 300 mesh) (3), which had been prepared from 
a slurry in benzene. The column was then eluted three times 
with benzene to a total volume of 20 ml. Finally, the tip of the 
column was rinsed with a few drops of benzene. The combined 
benzene eluates contained the saturated fraction. The mercuric 
acetate adducts of the unsaturated fatty acids were eluted by 
10 ml of 5% acetic acid in absolute ethanol. These solutions 
could be counted after addition of scintillation solution to evapo- 
rated aliquots. The adducts were decomposed by addition of 1 
ml of concentrated HCl and 5 ml of water. After 5 minutes, 
enough water was added to produce cloudiness upon stirring and 
the unsaturated fatty acids were extracted three times with re- 
distilled petroleum ether. The extracts were washed twice with 
water. It should be noted that in this procedure cyclopropane 
fatty acids are found in the same fraction as the straight chain 
saturated acids. 

The small volumes of eluents are the chief advantage of this 
procedure over that described by Kishimoto and Radin (12). 
The two procedures can also be combined by making the adduct 
as described by Kishimoto and Radin followed by chromatog- 
raphy on silicic acid. 

Decarboxylation of Fatty Acids—The procedure for the Schmidt 
reaction recently described by Brady et al. (13) was modified in 
order to utilize Thunberg tubes in place of the special vials used 
in their method. The tubes were kept at 0° during addition of 
azide and sulfuric acid to the fatty acid samples. Hyamine 
10 X 1 m in methanol, 0.3 ml, was added to the side arm of the 
Thunberg tube. The tubes at 0° were then partially evacuated 
on a water aspirator and closed. The reaction was carried out 
at 70° for 1 hour with occasional shaking, followed by $ hour at 
37° to ensure complete absorption of CO by the hyamine. The 
side arm was not heated. Excellent recoveries of C“O. from 
carboxyl-labeled fatty acids were obtained by this procedure. 

Kuhn-Roth Degradation—Fatty acids were degraded in chromic 
acid as described by Ginger (14). After refluxing for 90 minutes, 
the solution was cooled, the excess chromic acid was titrated 
with hydrazine, and the solution was distilled to a small volume 


* p-(Diisobutyl cresoxyethoxyethyl) dimethylbenzylammonium 
hydroxide. Obtained from Packard Instrument Company, Inc. 
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three times. Good recoveries of acetic acid in the combined 
distillates were obtained from stearic acid degradations by this 
procedure. Unlabeled palmitic acid was added as carrier before 
degradation of the experimental samples. 

Materials—Acetate-1-C™ and 1-C'-fatty acids were obtained 
from commercial sources. Vapor phase chromatography of the 
labeled long chain fatty acids demonstrated insignificant amounts 
of impurities in all but the stearic acid, which contained 5% of 
the C™ in heptadecanoic acid and 4% of the C™ in the combined 
unsaturated fatty acid plus polar material fraction. The data 
obtained in the experiment with stearate-1-C™ were corrected for 
the known impurities. 


RESULTS 


Unsaturated Fatty Acid Synthesis in Absence of Molecular 
Oxygen—To test for the synthesis of unsaturated fatty acids in 
the absence of oxygen, both C. kluyvert and C. butyricum were 
grown in the presence of acetate-1-C™ under strictly anaerobic 
conditions. The isolated fatty acids were separated into satu- 
rated and unsaturated fractions by the procedure of Kishimoto 
and Radin (12). Table I gives the results of this separation. 
The low incorporation of acetate-1-C™ into the lipids of C. 
kluyvert can be ascribed to dilution by the large amounts of 
acetate in the growth medium. 

One-third of the counts from acetate-1-C' was recovered in 
the unsaturated fatty acid fraction from C. butyricum lipids. 
This value is comparable to the percentage of unsaturated fatty 
acids (25%) calculated from the areas under the peaks in a 
typical vapor phase chromatogram of the methyl esters (Table 
II and Fig. 1). C. kluyveri has a similar fatty acid spectrum 
with an even greater preponderance of palmitic acid and small 
amounts of two unidentified unsaturated fatty acids. 

Incorporation of Saturated Fatty Acids into C. butyricum 
Lipids—To examine the utilization of saturated fatty acids for 
olefinic acid formation, the incorporation of an homologous series 
of carboxyl-labeled fatty acids was measured. In Table III is 
listed the total incorporation of each of the labeled fatty acids 
into the cellular fatty acids of C. butyricum grown in the presence 
of biotin. The distribution of radioactivity among saturated 
and unsaturated fatty acids separated by the mercuric acetate 
adduct method is also given. Vapor phase chromatography of 
the saturated and unsaturated fractions with collection and 
counting of individual fatty acids provided a check on the effi- 
cacy of the mercuric acetate adduct procedure. In general, the 
values obtained by this procedure for the unsaturated fraction 
were too high. The errors were of three types, all in the same 
direction: leakage of saturated fatty acids into the unsaturated 


TABLE I 
Incorporation of labeled acetate into fatty acids 
Each organism was grown in 4 flasks containing 150 ml of me- 
dium with added sodium acetate-1-C" (24 ue per mg). The flasks 


were placed in vacuum desiccators and filled with helium by the 
procedure described. 








Acetate-1-C™ F . wnat Min pated Grin 
in medium atty acids “saturated’’|unsaturated 
fatty acids | fatty acids 
c.p.m. % 
C. butyricum..........| 2.2 * 108 4700 67 33 
es er 11 X 10° 9000 67 33 
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TaB_e II 
Fatty acid composition of C. butyricum 











Saturated Unsaturated Cyclopropane 
| 
‘ % . % by | ‘ % b 
Acid weight | Acid | ek | Acid pata A 
| 
Cir (I) yee 0.5 Cis? (VII) | 17 | Cis¢ (II 0.4 
Cu qn)... 241 ci (x) | 7.9 | Cue (V) 1.5 
Cis (IV)...| 0.4 | Cy (VID | 9.0 
Cis (VI) ye 49.0 | Cy (XI) 5.2 
Cu (IX)...| 6.2 } | 
| ' 
| = 
ec | 58.5 | 24.9 | 16.1 
! 











*The Roman numerals in parentheses refer to the peaks in 
Fig. 1. 

>In the notation used in the tables and in the text, a prime 
represents one double bond and the subscript, the number of car- 
bon atoms in the fatty acid chain. 

¢ No standards of these compounds were available. Identifi- 
cation is based on a plot of the log of the retention time against 
chain length for the Cy and Ci cyclopropane acids and extrapo- 
lation of the straight line thus determined to the Ci; and Cis 
cyclopropane acids (10). 
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Fic. 1. Vapor phase chromatogram of the methyl esters of the 
fatty acids extracted from Clostridium butyricum. Peak identi- 
fications are given in Table II. 


fraction; the presence of more polar compounds, e.g. oxidation 
products, which are held back on silicic acid; and the occasional 
presence of small amounts of unsaponified lipids which are also 
held back on silicic acid. Wherever possible, corrections were 
made for these errors. 

For determination of relative specific activities, individual 
peaks were collected and the total counts per minute in each 
peak were divided by the area under the peak. These relative 
specific activities (Table IV) are comparable only within each 
growth experiment. 

Decarboxylation of Fatty Acids Isolated from C. butyricum—To 
determine whether the radioactive substrates added to the me- 
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dium were incorporated directly or were first degraded, the 
labeled cellular fatty acids were decarboxylated. In each experi. 
ment, palmitic acid was isolated by vapor phase chromatography 
of the fatty acid methyl esters. Methyl palmitate was saponi- 
fied and the free acid reisolated before decarboxylation. Satu. 
rated and unsaturated fatty acid methyl esters were separated 
by the mercuric acetate adduct procedure. The methyl ester 
were saponified before decarboxylation. The results are given 
in Table V. 

Kuhn-Roth Degradation—Aliquots of palmitic acid isolated 
from the cells grown with decanoate-1-C (Experiment 2) wer 
subjected to Kuhn-Roth degradation. Acetate, derived fron 
the two terminal carbon atoms in the fatty acid chains, wa 
isolated by steam distillation and counted. In three degrada 
tions performed, the acetate had 2.1, 3.0, and 5.0% of th 
radioactivity in the samples of fatty acid degraded. We wer 
unable to determine accurately, by titration, the amount ¢ 
acetate recovered because of traces of H2SO, carried over durin 


TasB_e III 
Incorporation of C'* from carboxyl-labeled saturated fatty 
acids into C. butyricum fatty acids 
The cells were grown in 1-liter volumetric flasks in the medium 
of Broquist and Snell (5) at 37°. 














} | ; cu | | ee ery 
Carboxyl-labeled fatty acid| | Spectic | See | oe” Lee 
abel te ‘quent tn. Far | CM added | pe sv | i | Rg rated fot 

| | fatty acids fatty acids} acids 

| uc uc/mg % % % 
Cs (Sodium salt)? . 100 15.0 | 0.07 87 13 
Cy (Sodium salt)...| 30 12.8 | 0.86 88 12 
eas Bark nn ced ves ack 10 83 | 82 | 6% | 4.2 
OS ee rere 10 | 108 | 81 | 9% | 4 
Wie 65,5. s. bac eesiers-equdsel 10 S12 (50S | Bo. .ee 
tins pasectiaes iad 20 6.0 | 25 9 | 1 

* See Table II for notation. 
TaBLe IV 


Relative specific activities of fatty acids from C. butyricum grow 
with carboxyl-labeled fatty acids 





Carboxyl-labeled fatty acid added to medium 











—_ acid 
isolated | | 
Cet? | Cio? | Ciz | Cu | Cis | Cis 
Relative specific activities® 
Ciz....| | | 1050 | tar. 
GS .<| &@ | wt atm 25 
Ci....| 37 | 5&4 | 175 | 95 470 3 
SG. Fis | 15 ; Spr 4 
Cr. -+| 20 | 10 15 | 4 19 
Cu....; 27 | 4 | 115 | 26 128 119 
Ce-..4 B | BI 4 | 4 2 9 
Cyt...) 21 | 15 | 4 6 


0 | 7 





* See Table II for notation. 
» These values are typical of the results obtained in two exper! 


ments with octanoate-1-C™ and four experiments with decanoate) 


1-C™, 


¢ Relative specific activities are equal to the counts per minut 


in each fraction divided by the weight (area under the chromate 
graphic peak). 
4 Cyclopropane fatty acids. 











Octobe 


the stea 
by Ging 
of the r: 

Incor, 
experim 
with C. 
and Sne 
biotin i 
present 
media « 
additior 
Tweens 
acid der 

Fig. 2 
cells we 
spectrur 
a Cys-m 
corporat 
Incorpo 
to the e: 
of the a 
(Table - 
in the a 
experim 
was not 
synthesi 

The ec 
the peal 
can be s 


Decarbo: 





Carboxy 
fatty acid 
growth 


Octanoi 


Decanoi 


Laurie a 


| Myristic 





C4 j 
oe 
’ The 
' perform 
ard devi 














Oo. 10 


, the 
xperi- 
raphy 
yponi- 
Satu. 
rated 
esten 
given 


olated 
) wert 

from 
3, Was 
zrada. 
of the 
> wer 
int o 
durin; 


edium 





ncorpo- 
ated Ci 
unsatu- 
ted fatty 
acids 





L grown 





Cis 





) expel: 


ranoate 


r minute 


romate- 


October 1961 


the steam distillations. Assuming an 80% recovery, as reported 
by Ginger (14), the terminal two carbon atoms contained 4.2% 
of the radioactivity in the fatty acids degraded. 

Incorporation of Oleic Acid into C. butyricum Lipids—Several 
experiments on the metabolism of oleic acid were carried out 
with C. butyricum grown in the absence of biotin. As Broquist 
and Snell (5) have shown, this organism can be grown without 
biotin if supplemented with oleic acid and a Tween. In the 
present experiments, comparable growth was obtained with 
media containing either biotin or oleate without the further 
addition of Tween. It was considered essential to eliminate 
Tweens from the medium because these compounds are fatty 
acid derivatives and often contain free fatty acids. 

Fig. 2 shows the results of one such experiment in which the 
cells were grown with oleate and acetate-1-C™. The fatty acid 
spectrum is markedly altered; instead of palmitic acid (Peak V/), 
a Cys-monounsaturated acid (Peak X), presumably oleate in- 
corporated directly from the medium, is the major fatty acid. 
Incorporation of acetate-1-C™ into cellular fatty acids occurred 
to the extent of 0.033 % of the added counts, which is one-seventh 
of the acetate incorporation observed in the presence of biotin 
(Table I). Even when cells subcultured three times on oleate 
in the absence of biotin were used as an inoculum in a similar 
experiment, the incorporation of acetate-1-C™ into fatty acids 
was not further suppressed. This probably results from the 
synthesis of suboptimal amounts of biotin (15). 

The counts in each fraction are proportional to the areas under 
the peaks (Fig. 2) except for the C.s-monounsaturated acid. It 
can be seen that the absence of added biotin had no effect on the 


TABLE V 


Decarborylation of fatty acids isolated from C. butyricum grown 
with carboxryl-labeled fatty acids 














Carboxyl-labeled 2 
fatty acid ‘added to | Fatty acids decarboxylated CO pea 
%e 
Octanoic acid | Palmitic acid (1) 3.6 
| Total ‘‘saturated”’ acids (3) 4.4 + 0.3 
| Unsaturated acids (4) 3.8 + 0.3 
Decanoic acid | Experiment 1 
|  Palmitie acid (2) 3.4 + 0.3 
| 
| Experiment 2 
Palmitic acid (2) 1.3 + 0.2 
| Total ‘“‘saturated’’ acids (2) 2.4 +0.1 
Total unsaturated acids (4) 7.1 +0.8 
Experiment 3 
|  Palmitie acid (2) 2.56 + 0.3 
C.i¢-monounsaturated acid (2) |1.0 + 0.4 
Laurie acid | Palmitie acid (4) 0.44 + 0.20 
| 
Myristic acid | Palmitic acid (1) 1.4 





C™ in carboxyl] carbon 
ot vr x 100 

C¥ in fatty acid(s) 
'The figures in parentheses are the number of determinations 


performed. The results are expressed as the mean + the stand- 
' ard deviation. 
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Fic. 2. Vapor phase chromatogram of the fatty acid methyl 
esters from C. butyricum grown in the presence of acetate-1-C' 
with oleate added instead of biotin. The height of each shaded 
bar represents the total counts per minute in the fraction collected 
during the period represented by the width of the bar. Peak 
identifications are given in Table II. 


spectrum of fatty acids synthesized de novo (Compare with 
Fig. 1). 

C. butyricum was grown with oleate-1-C™ in the presence of 
biotin, to measure the extent of conversion of oleate to saturated 
fatty acids. The fatty acids isolated from cellular lipids con- 
tained 13.8% of the added radioactivity. After separation by 
the procedure of Kishimoto and Radin (12), 17% of the incorpo- 
rated radioactivity was found in the saturated fatty acid fraction 
and 83% in the unsaturated fraction of which 92% was in the 
Cis acid. Stearate separated by vapor phase chromatography 
contained only 1.3% of the radioactivity in total fatty acids. 
The major labeled “saturated” fatty acid was the Cig cyclopro- 
pane acid, which accounted for 9.9% of the incorporated radio- 
activity. A slight incorporation into palmitate was also 
observed (3.4%), indicating that degradation of oleate had oc- 
curred; therefore, at least part of the conversion to stearate can 
be accounted for by degradation of oleate and resynthesis of 
long chain acids from small units. 


DISCUSSION 


Unlike yeast, which cannot form unsaturated fatty acids when 
grown under strictly anaerobic conditions (3, 16), clostridia syn- 
thesize unsaturated fatty acids in the absence of molecular oxy- 
gen. This is shown both by the incorporation of acetate-1-C™ 
into olefinic acids (Table I) and by the presence of olefinic acids 
in clostridia grown in synthetic media (Table II). Hofmann, 
Henis and Panos (17) and O’Leary (18) have presented evidence 
for the conversion of olefinic to cyclopropane acids in lactobacilli, 
and the same type of transformation occurs in C. butyricum as 
shown by the conversion of oleic acid to a Cig cyclopropane acid. 
On the basis of this metabolic relationship, 41 % of the fatty acids 
in C. butyricum are “unsaturated,” 1.e. olefinic acids or cyclo- 
propane acids derived from them (Table IT). 

In further contrast to yeast, C. butyricum can not utilize long 
chain saturated acids as sources for their unsaturated analogues. 
No significant conversion of palmitate-1-C™ to the Ci, acid or 
of stearate-1-C™ to the C{, acid was observed (Table IV). The 
low specific activities of the cyclopropane fatty acids, which are 
products of the olefinic acids, provide further evidence that the 
extent of desaturation is insignificant. It may be argued that 
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all or a portion of the long chain saturated fatty acids isolated 
from the cells by the procedure used may have been merely 
adsorbed to the cell surfaces and, therefore, did not come in 
contact with the metabolic apparatus. That this criticism is 
not valid is indicated by results obtained with some of the shorter 
chain acids. Both lauric and myristic acids underwent chain 
elongation in addition to being directly incorporated into the 
cells but the formation of labeled olefinic acids remained slight. 
In the experiment with lauric acid-1-C™, the Ci. acid had 12 
times the specific activity of the Ci, acid, and the Cs acid 29 
times the specific activity of the Cj, acid. Similarly, in the 
experiment with myristic acid-1-C™, the cellular Ci. acid had 48 
times the specific activity of the Ci, acid and the Cys acid had 
6.5 times the specific activity of the Ci, acid. These data are 
even more convincing when total radioactivities are compared 
because the cells in these experiments contained about 3.5 times 
as much Cy. acid as the unsaturated analogue. Again, the 
specific activities of the cyclopropane fatty acids are as low as 
those of the corresponding olefinic acids. It is clear from these 
data that C2 to Cis saturated acids whether added to the medium 
or formed in the cells cannot be significant precursors of the 
olefinic acids of C. butyricum. 

On the other hand, label from octanoate-1-C™ and decanoate- 
1-C™“ was incorporated into long chain unsaturated and cyclo- 
propane fatty acids in addition to saturated fatty acids (Tables 
III and IV). The relative specific activities of the Ci.s- and 
C,s-saturated acids are 2 to 3 times as high as those of the cor- 
responding unsaturated and cyclopropane fatty acids. 

The distribution of C™ in the fatty acid chains provides infor- 
mation about the mode of incorporation of carboxyl-labeled fatty 
acids. Two extreme situations may be visualized. If label 
from a 1-C"-fatty acid were completely randomized, as C: units, 
on incorporation into a Ci, cellular fatty acid, the carboxyl group 
of the product would contain one-eighth or 12.5% of the total 
radioactivity. On the other hand, in an elongation process, 
which adds unlabeled C2 units to the carboxyl end of the chain, 
the carboxyl] group of the product will contain no C"™. 

In the various experiments, the carboxyl carbon of palmitic 
acid had a much lower percentage of the C™ in the fatty acid 
chain than is predicted for completely random labeling (Table 
V). The C* in the carboxyl groups of the total “saturated”’ 
fatty acids from cells grown with octanoate-1-C™ and decanoate- 
1-C* agree well with the values for the carboxyl groups of palmi- 
tate, indicating that palmitate is representative of the long chain 
saturated acids. This result is not surprising because palmitate 
is two-thirds of the mass of the “saturated” fatty acids (Table 
II). 

Kuhn-Roth degradation of palmitate from cells grown with 
decanoate-1-C™ provided further evidence for nonrandom label- 
ing because only 4% of the C™ was found in the terminal two 
carbon atoms. 

These results strongly suggest that the incorporation of C™ 
from carboxyl-labeled Cs to Cys acids into saturated acids of 
greater chain length takes place predominantly by a chain elonga- 
tion process, which adds unlabeled carbons to the carboxy] ends of 
the labeled fatty acid chains. Whether this occurs by condensa- 
tion of activated fatty acids with malonyl-CoA or by some other 
mechanism remains to be determined. 

The low percentage of C“ in the carboxy] groups of the mixed 
unsaturated fatty acids from cells grown with octanoate-1-C™“ 
also indicates that most of the label was incorporated nonran- 
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domly. Similarly, Experiment 3 with decanoate-1-C" show 
nonrandom incorporation into hexadecenoic acid. The high 
value obtained for the mixed unsaturated fatty acids in Experi. 
ment 2 with decanoate-1-C'* may be due to contamination with 
carboxyl-labeled impurities. Two of these determinations wer 
performed on a mixture of unsaturated fatty acids purified by 
vapor phase chromatography after separation by the mercuri 
acetate adduct procedure, but this procedure may have been 
insufficient to remove all impurities. 

The weight of evidence supports the conclusion that octanoat: 
and decanoate were directly incorporated into long chain un 
saturated fatty acids. In no case was complete randomization 
observed, and the more highly purified samples had little C™ in 
the carboxyl groups. A chain elongation process combined with 
the introduction of one double bond suggests itself as the pre 
dominant mode of incorporation of octanoate and decanoate inty 
long chain unsaturated fatty acids. Addition of a C, unit woul 
then lead to the formation of labeled cyclopropane acids. 

As a further check on the extent of degradation of decanoate. 
1-C™, acetate and butyrate were isolated from the growth me. 
dium of Experiment 1. These acids are thought to arise from 
glucose via acetyl-CoA (19). If the initial product of decanoate. 
1-C™ degradation were a C2 unit which is in equilibrium with 
acetyl-CoA, one would expect acetate and butyrate to becom 
labeled. These two acids had only 0.2% of the specific activity 
of the cellular long chain fatty acids, indicating that degradation 
of decanoate is a relatively minor process. 


that these organisms are unable to desaturate long chain fatty" 
acids. As shown by the results presented here, clostridia als 
lack the ability to desaturate higher fatty acids. This is als 
true in cell-free systems. Extracts prepared from C. kluyveri 
after Hughes press disruption failed to convert palmityl-CoA ti 
an unsaturated acid or oleyl-CoA to a saturated product.3 f 

Isotopic experiments, similar to those described for C. butyr 
icum, have provided evidence for the inability of Lactobacillu’ 
plantarum, Escherichia coli, and a Sarcina species to utilize lon 
chain saturated acids as precursors of their olefinic counterparts: 
Anaerobic mechanisms for the synthesis of unsaturated fatty 
acids and the inability to desaturate long chain fatty acids 
therefore, appear to be typical of some aerobic as well as of ap- 
aerobic bacteria. 

In exploring various mechanisms of fatty acid synthesis it 
bacteria, which must be distinct from the mechanisms operative: 
in yeast and animal tissues, we considered the possibility thai) 


long chain unsaturated fatty acids are reduced to saturated! 


acids, i.e. the converse of the sequence of events known to occu 
in yeast and animal tissues. Such a sequence could explain why 
oleic acid replaces biotin as a growth factor for C. butyricum and 
lactobacilli, whereas saturated fatty acids can only spare but di 
not replace oleic acid (5). However, in the experiments witl) 


C. butyricum grown in the presence of oleate-1-C", no significant) 


radioactivity was found in stearate. The major detectable re 
action was the formation of a Cy, cyclopropane acid, a conversi0 
analogous to that previously observed in lactobacilli (17). Ex 


periments in this laboratory with L. plantarum indicate that thi? 


3H. Goldfine, unpublished experiments. 
‘P. E. Baronowsky, A. T. Norris, and W. J. Lennarz, unpub 
lished experiments. 
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organism also is unable to saturate olefinic acids.§ This lack of 
interconversion, 1.e. either saturation or desaturation, of long 
chain acids leads to the additional conclusion that long chain 
saturated and olefinic acids are synthesized by either completely 
independent or diverging routes. 

Two pathways for the synthesis of unsaturated fatty acids by 
bacteria are in accord with the existing information: dehydration 
of hydroxy intermediates formed during fatty acid synthesis, 
followed by specific retention of one of the double bonds; or, 
dehydrogenation of intermediate chain length saturated fatty 
acids followed by successive additions of C2 units. 

Some evidence relevant to these mechanisms comes from the 
work of Hofmann et al., who demonstrated the biotin-sparing 
ability of cis-5-dodecenoic acid and cis-7-tetradecenoic acid for 
lactobacilli. These authors postulate a synthesis of cts-vaccenic 
acid from these lower homologues by the addition of C2 units. 
They also mention the alternative hypothesis that the Cy- and 
Cy-unsaturated acids exert their biological effect by acting as 
metabolic replacements for cis-vaccenic acid (20). 


SUMMARY 


Clostridium butyricum and Clostridium kluyvert have been 
shown to synthesize unsaturated fatty acids in the absence of 
molecular oxygen. 

C. butyricum was grown in the presence of an homologous 
series of carboxyl-labeled saturated fatty acids. No significant 
conversion of palmitate or stearate to the unsaturated analogues 
occurred. Laurate and myristate underwent chain elongation, 
but did not give rise to olefinic products. Long chain saturated 
fatty acids, therefore, are not precursors of olefinic acids in C. 
butyricum. 

In contrast, label from octanoate-1-C™ and decanoate-1-C™ 
was incorporated into both saturated and unsaturated acids. 
The long chain fatty acids were not randomly labeled. A chain 
elongation process, combined with the introduction of a double 
bond in the case of the olefinic products, is proposed as the pre- 
dominant mode of incorporation. 


’ A. T. Norris, unpublished experiments. 
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In C. butyricum grown in the presence of oleate-1-C™, a 19- 
carbon cyclopropane acid was the major product. Little, if any, 
direct conversion to stearate was observed. 

The lack of interconversion of long chain saturated and olefinic 
acids leads to the conclusion that they are synthesized by diverg- 
ing or independent pathways in this organism. 
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Numerous investigations have led to the point at which re- 
fined enzyme systems may be used to study the biosynthesis of 
saturated fatty acids (2, 3). The biosynthesis of unsaturated 
fatty acids has not been so thoroughly elucidated. Formation of 
unsaturated fatty acids has been observed experimentally in vivo 
(4-9) and in vitro (10, 11) but several of these studies showed that 
incorporated radioactivity was distributed in the fatty acids in 
proportions quite different from the naturally occurring fatty 
acid composition. Whenever differences were found, the propor- 
tion of unsaturated fatty acids was low. 

Early experiments with slices, homogenates, and cell-free 
preparations from avocado mesocarp produced variable amounts 
of oleic and saturated fatty acid. It was, therefore, not feasible 
to compare the avocado system with that in a strain of Sac- 
charomyces cerevisiae, which converted saturated fatty acids to 
unsaturated fatty acids by reactions requiring reduced triphos- 
phopyridine nucleotide and oxygen (11). 

This report described conditions under which oleic acid is the 
principal acid formed from acetate by particulate preparations 
from avocado mesocarp. It is shown that oxygen is an absolute 
requirement for oleate biosynthesis in avocado. 


EXPERIMENTAL PROCEDURE 


Material and Methods—Avocados of the Fuerte variety were 
customarily used, but MacArthur and Haas variety also were 
used on occasion as a source of slices, homogenates, and cell-free 
preparations. In the preparation of the particulate fraction, 
the mesocarp of one avocado, about 200 g, was ground in a 
chilled mortar with 250 ml of ice-cold 0.25 m sucrose. The 
homogenate was pressed through cheesecloth, and the filtrate 
was centrifuged at 2000 x g for 10 minutes in a refrigerated 
centrifuge. The aqueous layer was drawn from between the 
sedimented debris and the floating layer of fat and centrifuged 
again at 15,000 x g. The supernatant was decanted, and the 
pellet (2 to 5 ml) was resuspended in 0.25 m sucrose (5 to 10 ml). 
This suspension was used as the source of the fatty acid-synthe- 
sizing enzymes. The suspension contained 8 to 10 mg of protein 
per ml as determined by the Nessler method. 


* For Paper XIII, see (1). 

t Fellow of The Jane Coffin Childs Memorial Fund for Medical 
Research. This investigation has been aided by a grant from the 
Jane Coffin Childs Memorial Fund for Medical Research. Present 
address, Department of Plant Biochemistry, University of Cali- 
fornia, Riverside, California. 

t Aided in part by a grant from the National Science Foundation 
(G-4582). 
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The cofactor requirements for the incorporation of acetate int 
lipid by avocado particulate preparations have been establishe 
(10,12). For the experiments described in this paper, with 
exceptions noted in the relevant tables and figures, the followin 
amounts of cofactors were used: ATP, 10 uwmoles; KHCOs, } 
umoles; MnClz, 2 uwmoles; GSH, i umole; glucose-6-P, 50 
mumoles; TPN*, 65 mumoles; CoA, 50 mumoles. Other condi- 
tions and components of the reaction mixture are as indicated in 
tables and figures. Reactions were conducted in 12-ml centrifug 
tubes with glass stoppers, which were held in a water bath at 31' 
without shaking. After the desired reaction period, usually | 
hour, 0.1 ml of 2 N HCl was added to the 1.5 ml reaction mixtur 
and the lipid was extracted in the centrifuge tube, according t 
the method of Bligh and Dyer (13). 

The chloroform solution of lipid was withdrawn, and 
aliquot was counted to determine the amount of incorporation ¢ 
acetate into lipid. The remainder of the sample was saponifie 
by refluxing with 5 ml of 5% ethanolic potassium hydroxide fo 
15 minutes. Extraction of the alkaline solution with chlorofom 
showed that the incorporation of acetate into nonsaponifiabk 
lipid did not exceed 5%, and because the nonsaponifiable lipid 
did not interfere with the separation of fatty acids, this step wa 
subsequently omitted. In the routine procedure, the saponifics- 
tion mixture was acidified with 2 ml of 6 n HCl and extracte 
with chloroform. Without special measures being taken, the 
recovery of radioactivity in this step was 90 to 95%. 

The fatty acids were chromatographed on filter paper im- 
pregnated with silicone (Dow Corning 200). With 85% acetir 
acid as the developing solvent, palmitic and oleic acids wer 
coincident (14). With acetic acid-formic acid-hydrogen perox- 
ide, 6:1:1, as the developing solvent, the unsaturated fatty 
acids were oxidized, and the products ran close to the solvent! 
front (15). Comparison of chromatograms run in these tw 
solvents permitted the identification of palmitic, stearic, ani 
oleic acids, which were the principal acids labeled. 

Organic acids were assayed by the procedure of Hatch ani 
Stumpf.!. After extraction of lipid from the reaction mixture 
the acid aqueous phase was evaporated to 0.1 to 0.2 ml, then Ill 
ml of acetone added. The precipitated salt was sedimented br! 
centrifugation and the acetone solution decanted. An aliqut! 
was dried on a planchet and counted. The remainder ws) 
reduced to a suitable volume for chromatography with penta! 
saturated with 5 m formic acid (16) and ethanol-ammonia-wate: 
80:4:16 (17) as developing solvents. 


1M. D. Hatch and P. K. Stumpf, unpublished experiments. | 
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Lipid before saponification was separated by reversed phase 
paper chromatography and by chromatography on columns of 
silicic acid (14, 18). 

Oleic acid was oxidized by the method of von Rudloff (19). 
The oxidation products were separated by the method of Isher- 
wood and Hanes (20). 

Radioactivity was counted with a Packard scintillation 
counter or a Nuclear-Chicago thin window gas flow counter. 
Chromatograms were counted in a Nuclear-Chicago strip counter, 
and the percentage composition was determined by measuring 
the areas of the peaks planimetrically. 


RESULTS 


Intracellular Location of Fatty Acid Synthesis—Because of 
numerous reports that the enzymes catalyzing fatty acid synthe- 
sis are soluble (21, 22), the localization of fatty acid synthesis in 
avocado mesocarp was re-examined. The data in Table I show 
that the activity was associated with a particulate fraction 
sedimenting between 2,000 and 15,000 x g. This association 
was true for preparations made either in sucrose or phosphate- 
bicarbonate. The supernatant is inactive alone, and when 
combined with the particles is actually inhibitory. The acetate 
incorporated into fatty acids was found in triglycerides (60 to 
70%) and phospholipid (30 to 40%); only occasionally was 
labeled free fatty acid detected. When some particles were 
sedimented between 2,000 and 6,000 x g and others between 
6,000 and 15,000 x g, most of the particles and most of the 
activity was in the heavier fraction. Both fractions, however, 
synthesized 45 to 50% palmitic and the remainder oleic acid. In 
addition to catalyzing the synthesis of fatty acids and glycerides, 
the enzymes of the particulate fraction catalyze the interconver- 
sion of intermediates of the tricarboxylic acid cycle, and B-oxida- 
tion of long chain fatty acids. 

In early experiments with acetate-1-C", the results of which are 
shown in Table II, a surprising distribution of the incorporated 
label was found. The labeled acids were predominantly satu- 
rated. Stearic acid which is found only in trace amounts in avo- 
cado, was well represented. Oleic acid, which forms about 70% 
of avocado fatty acids, seldom accounted for more than 30% of 
the incorporated activity. Furthermore, the amount of labeling 
in oleic acid was unpredictable from experiment to experiment. 
The unusual distribution was apparently not an artifact brought 
about in the isolation of the particles, because tissue slices and 
homogenates showed the same anomalies. Before experiments 
on the mechanism of oleate biosynthesis were performed, it was 
desirable to establish experimental conditions under which 
oleate was the principal acid labeled. These conditions were 
arrived at empirically. 

Position of Double Bond in Octadecenoic Acid—After incuba- 
tion of the particulate preparation with acetate-1-C", the labeling 
of an octadecenoic acid was evident from the gas chromato- 
graphic and paper chromatographic separation of the reaction 
products. These methods did not, however, distinguish the 
position of the double bond. It was, therefore, shown that the 
product was A9-octadecenoic acid by cleaving the labeled acid 
with permanganate-periodate and tentatively identifying the 
reaction products as azelaic and pelargonic acids. A sample of 
biosynthesized radioactive fatty acids (59,000 d.p.m.) containing 
39% oleic acid as determined by paper chromatography (14, 15), 
was oxidized (19). The oxidation products (38,000 d.p.m.) were 
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TABLE I 
Localization of acetate incorporating ability 
Reaction mixtures contained: phosphate buffer, pH 8.0, 50 
umoles; acetate-1-C™ (800,000 d.p.m.), 250 mumoles; cofactors as 
in material and methods; particle suspension and supernatant as 
indicated; final reaction volume, 3.0 ml; reaction period, 2 hours. 





| Acetate 





Experiment | incorporated 
mpmoles 
1. Grinding in 0.25 m sucrose | 
Partrcie saepension, 2 fal... 5 cece see 4] 1.34 
cc a Aen ee 0.05 
Particles, 1 ml + supernatant, 1 ml............... | 0.68 


2. Grinding in 0.1 m phosphate-bicarbonate pH 8.0 
Particle eaapenmion, Pls... <. seis howe ns ae cat 
Supernatant, 1 ml 


Particles, 1 ml + supernatant, 1 ml 





TaBLeE II 


Distribution of radioactivity incorporated by avocado preparations 
from acetate-1-C™% 

Reaction mixtures for Experiments 1 to 3 contained: of phos- 
phate buffer, pH 8.0, 100 umoles; acetate-1-C™, (1.6 X 10° d.p.m.), 
500 mumoles; double the quantities of cofactors in material and 
methods; and 1-g slices of avocado mesocarp or an equivalent 
amount of homogenate. The slices were cut from a cylinder of 
avocado mesocarp taken with a 5-mm cork borer. Reaction 
mixtures for Experiments 4 and 5 contained 50 umoles phosphate 
buffer, pH 8.0, 50 wmoles; acetate-1-C' (800,000 d.p.m.), 250 
mumoles; cofactors as in material and methods; particles suspen- 
sion, 0.5 ml; final volume, 1.5 ml. Methyl esters were prepared 
from extracted lipid by interesterification with 5% HCl in metha- 
nol, and separated by gas chromatography. Effluent esters were 
trapped in chloroform on glass wool in a glass bulb. They were 
eluted with chloroform into a scintillation counter vial, the sol- 
vent was evaporated, and scintillation mixture was added. 
Radioactivity was measured in a Packard scintillation counter. 
Recovery of radioactivity was about 60%. 























| Distribution of label* 
Material nn... 
| Palmitate | Stearate Oleate 
| mpmoles % | % % 
NIN seclusion etree 20.0 48.5 10.5 31.5 
Se MR a hcl ta Sig acest 25.0 38 | 13 45 
Homogenate............ 36.5 | 27 | 14.5 | 54 
3. Homogenate.......... 4.3 54.5 | 22 17.5 
Oi Pisa beck els 39.0 68.5 6 12.9 
ee 36.0 42 | 21.5 23 
Normal fatty acid compo- | | 
Ree: 2 | 0 | 74 


* Some label in acids of chain length less than 16, and in linole- 
ate. 


t Also palmitoleic 2%; linoleic 12%. 





chromatographed in two systems. With propanol-ammonia 
(7:3) as the developing solvent (20), 10% of the radioactivity 
cochromatographed with azeleate, and the remainder with the 
monocarboxylic acids (pelargonate, palmitate, stearate). With 
85% acetic acid as the developing solvent (14), 30% of the radio- 
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Fig. 1. a. Effect of pH on the incorporation of acetate into lipid. 
». Effect of pH on distribution of label. Reaction mixtures con- 
tained: Tris-HCl, 100 umoles, or phosphate buffer, 500 umoles; 
acetate-1-C'* (400,000 d.p.m.) 50 mymoles; particle suspension, 
0.3 ml; other cofactors and conditions as in ‘‘Material and Meth- 
ods;’’ final volume, 1.5 ml. 


TaBLeE III 
Effect of temperature on incorporation of acetate into fatty acids 
Reaction mixtures contained: Tris-HCl, pH 7.8, 100 umoles; 
acetate-1-C' (800,000 d.p.m.), 250 mumoles; particle suspension, 
0.3 ml; other cofactors and conditions as in material and methods; 
final volume, 1.5 ml. 





Distribution of label 








Experiment Temperature a 
| Palmitate Stearate | Oleate 
% % | %- 
1 = 0.08 
13° 0.29 
25° 2.49 72.5 27.5 0 
31° .94 48 34 18 
39.5° 8.11 38 24 38 
2 23° 3.77 77.5 22.5 0 
31° 8.84 52.5 28.5 19 
40° 19.98 32.5 37.5 30 
46° 20.80 32.5 29.5 38 





activity chromatographed with pelargonic and azelaic acids, 
which are not separated in this solvent, and the remainder with 
palmitate and stearate. Beside demonstrating that the un- 
saturated product was A9-octadecanoic acid, these results 
showed synthesis de novo of the long chain fatty acid rather than 
addition of a C2 unit to a pre-existing carbon chain. 

Effect of pH—The incorporation of acetate into lipid by avo- 
cado particles had a pH optimum about 8. At final concentra- 
tions of 0.067 m, results in phosphate and Tris buffers were in 
good agreement, but variation in phosphate concentration 
changed the amount of incorporation; at higher concentrations 
of phosphate, incorporation was inhibited (Fig. 1). Tris is in- 
hibitory in the avian liver system (22), and has also been found 
to inhibit fatty acid synthesis catalyzed by extracts of acetone 
powder of avocado mitochondria.* The effect of changing the 
concentration of phosphate in experiments with avocado mito- 
chondria may be related to effects on mitochondrial swelling 


2 EK. J. Barron and P. K. Stumpf, unpublished experiments. 
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(23). The incorporation of acetate into oleate was favored at 
the optimal pH, and declined rapidly as the pH was raised, 
The decline in oleate was compensated by an increase in the ' 
percentages of palmitate and stearate (Fig. 1). 

Effect of Temperature—Incorporation of acetate into lipid 
increased as the temperature was raised. At 46°, there was 
indication that some heat inactivation had taken place as ther 
was only a slight increase at that temperature over the incorpors. 
tion at 40° (Table III). Saponification of the lipid and separa. , 
tion of the fatty acids showed that the incorporation into oleate 
was favored at the higher temperatures. Time course of acetate 
incorporation was followed at two temperatures (Fig. 2). This 
data established no precursor-product relationship among the 
different fatty acids, although it is noticeable that oleate produc. 
tion declined at later times, and this decline was matched by an 
increase in the rate of synthesis of the saturated fatty acids,’ 
particularly stearate. 

Effects of Variations in Concentrations of Acetate, Bicarbonate, 
and Sucrose—Variation in acetate concentration and bicarbonate 
concentration influenced the amount of radioactive lipid formed, 
but did not affect the composition of the radioactive fatty acids. 
Sucrose concentration changes had no effect either on incorpora. 
tion of acetate into total lipid or on distribution of incorporated 
activity. 

Effect of Varying Particle Concentration—Variation in the 
amount of particle suspension added to the reaction mixture 
consistently resulted in inhibition of lipid synthesis at higher 
particle concentrations (Fig. 3). The distribution of radio- 
activity in the fatty acids also was affected by variations in * 
particle concentration; as particle concentration increased, the 
proportion and amount of oleate declined sharply (Fig. 3). 
These observations suggested that the particle suspension might | 
contain a regulatory factor which inhibited lipid synthesis in 
general and oleate synthesis in particular. 
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Fic. 2. Time course of acetate incorporation at different temper: | 
atures. Reaction mixtures contained Tris-HCl, pH 7.8, 100 umoles, | 
and acetate-1-C™ (400,000 d.p.m.), 59 mumoles. Other cofactor 
and conditions as indicated in ‘‘Methods and Materials,’’ except i 
for variation in temperature and duration of reaction; final vol- | 
ume, 1.5 ml. 
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Inhibition by Free Fatty Acids—An emulsion was made of lipid 
extracted from a particulate preparation from avocado mesocarp. 
Incorporation of acetate into lipid by a freshly prepared suspen- 
sion of particles was inhibited by the emulsion, the degree of 
inhibition being proportional to the amount of emulsion added. 
The crude lipid was separated into neutral lipid and phospholipid 
(18), and these fractions were tested for inhibitory activity. 
Table IV shows that the inhibitory activity was in the neutral 
lipid fraction. The glycerides were then separated from free 
fatty acids by extraction with chloroform from an alkaline 
aqueous phase. The aqueous phase was acidified, and the free 
fatty acids were extracted. Comparison of the inhibitory action 
of these fractions showed that the free fatty acids strongly 
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Fic. 3. a. Effect of particle concentration on incorporation o 
acetate into lipid. 6. Effect of particle concentration on distribu 
tion of label in fatty acids. Reaction mixtures as in Fig. 2 except 
for variation in particle concentration. pal, palmitate; ole, 
oleate; ste, stearate. 


TaBLe IV 
Effect of neutral lipid and phospholipid on incorporation of acetate 
Reaction mixtures contained: phosphate buffer, pH 8.3, 50 
umoles; acetate-1-C™ (800,000 d.p.m.), 250 mymoles; particle 
suspension, 0.3 ml; amounts of lipids in emulsion as indicated; 


other cofactors and conditions as in materials and methods; 
final volume, 1.5 ml. 














Additions Amount of lipid Acetate incorporated 
mg mymoles 
ME SE ee ee 8.5 
er 0.39 6.9 
Neutral lipid............:.... 0.78 5.2 
J er 1.56 4.6 
Neutral lipid. ...........6..6 2.34 4.6 
EL Sn re ee eee 8.6 
odin sn.c.see sa 0.12 8.6 
OS ee 0.23 11.2 
es 0.46 12.1 
Phospholipid. ................ 0.69 13.5 
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TABLE V 
Effect of triglyceride and free fatty acid on incorporation of acetate 
Reaction mixtures as in Table IV. 











Additions* Amount of addition |Acetate incorporated 
myumoles 
NOIRE eee es Pane a 7.0 
pO | a | 490 5.4 
TrighvoerGe. 5...25.6.60 060.2: 980 5.0 
PERIOBENIO «ois. 5 se scmcoce sing tees | 1960 4.5 
"DURPOOTIGO «oss cca eocecees 2940 4.1 
| 
MMR cits, 5c Sis aoc tcc anaes Re 6.8 
OGG DOREY GOWN. oi5:e:e centegeece 72 4.9 
Bree fatty acid . ....0......6045- 144 4.6 
Byee Tagty S0Id.... «6.0 66s0is005. | 288 2.9 
BPPOO STUY, BEN oso. oo 50sec esas | 432 2.1 





* A molecular weight of 926 was assumed for triglyceride, and 
280 for free fatty acid. 
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Fig. 4. Inhibition of acetate incorporation by free fatty acids. 
Reaction mixtures contained: phosphate buffer, pH 8.0, 50 uzmoles; 
acetate-1-C'*, 250 mumoles; particle suspension, 0.3 ml; cofactors 
and conditions as in ‘‘Material and Methods;’’ final volume, 1.5 
ml. Acids added as potassium salts. 


inhibited incorporation of acetate into long chain fatty acids 
(Table V). When the free fatty acid fraction was compared 
with authentic fatty acids, it corresponded most closely to oleic 
acid (Fig. 4). Oleate was used for further study on the inhibitory 
effect. Although oleate strongly inhibited incorporation of 
acetate into fatty acids, it did not affect the distribution of the 
incorporated activity. 

Inhibition by oleate was alleviated but not completely reversed 
by albumin, which is a known scavenger for free fatty acids. 
The site of inhibition by oleate is suggested by the parallel 
inhibition of incorporation of acetate into lipid and organic 
acids (Table VI). Since both of these incorporations require the 
intermediate participation of acetyl-CoA, it appeared that 
oleate interfered with its formation. Inasmuch as it is known 
that the particulate preparation incorporates long chain fatty 
acids into glycerides by reactions requiring ATP and CoA, the 
most likely explanation of the effect of fatty acids is that they 
efficiently compete for ATP and CoA with acetate. According 
to this interpretation, it should be possible to reverse the effect 
of oleate on incorporation of acetate into lipid by increasing the 
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TaBLeE VI 
Inhibition by oleate of acetate incorporation into 
lipid and organic acids 
Reaction mixture contained: Tris-HCl, pH 7.8, 100 umoles; 
acetate-1-C™ (800,000 d.p.m.), 100 mymoles; particle suspension, 
0.3 ml; cofactors and conditions as in material and methods; 
and potassium oleate as indicated; final volume, 1.5 ml. 





Acetate incorporated 
Oleate added 





Lipid | 




















| Organic acids 
| 
mymoles | mumoles 
0 | 5.85 | 7.60 
78 | 2.45 3.40 
156 2.25 2.65 
234 | 1.80 2.50 
312 | 1.45 2.10 
390 | 1.10 | 2.55 
T T T T oH 
30F 4 
eeof 7 
v 
e 
& - oleate 
2207 ° 7 
= e 
vu 
3. 
eIS Tr 7 
hs 
J 
2 
£10 F 4 
= + oleate | 
E 
| 
5 + 4 
| 
l 1 1 1 | 
.@] 2 o 6 8 
pmoles ATP 


Fia. 5. Oleate inhibition at different ATP concentrations. Re- 
action mixtures as in Table VII except for variation in ATP con- 
centration and addition of potassium oleate, 120 mumoles, as 
indicated. 


concentration of ATP. Attempts have been made to do this but 
results have not given a definite answer. Fig. 5 shows the effect 
of various ATP concentrations in the presence and absence of 
oleate. It is evident that there are endogenous ATP-consuming 
reactions from the fact that the response curve does not extrap- 
olate to zero incorporation for zero ATP. A further difficulty 
is the high ATP concentrations required to saturate the system. 
However, the increase in ATP concentration from 6 to 8 umoles 
per reaction gives approximately the same response in acetate 
incorporation whether oleate is present or not. This is an indi- 
cation that the oleate effect is reversed by higher ATP concentra- 
tions. 

Inhibition by Supernatant—The inhibitory effect of fatty acids 
had not explained the preferential effect of inhibition of oleate 
biosynthesis when particle concentration was raised. Another 
possibility was suggested by the observation that the supernatant 
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obtained after spinning down the particulate fraction, not only 
inhibited incorporation of acetate into total lipid, but also 
inhibited incorporation into oleate particularly. Although the 
supernatant showed no activity in lipid synthesis, it was active in 
the formation of organic acids (Table VII). By adding varying 
amounts of the supernatant to a constant amount of particles in 
a reaction mixture the effect of increased particle concentration 
could be simulated (Table VIII). Boiling the supernatant re- 
moved its inhibitory effect on gross incorporation, but did not 
completely remove its inhibition of oleate biosynthesis. Wash- 
ing the particle suspension by resuspension in 0.25 mM sucrose and 
resedimentation was tried as a means of removing the soluble 
enzymes that contaminated the unwashed pellet. The washed 
particles showed a more linear relationship of incorporation and 
particle concentration, but the washed particles still showed the 


TaBLe VII 
Inhibition of oleate biosynthesis by supernatant fraction 


Reaction mixtures contained: Tris-HCl, pH 7.8, 100 umoles; 
acetate-1-C™ (400,000 d.p.m.), 100 mymoles; other cofactors and 
conditions as materials and methods; final volume, 1.5 ml. Par- 
ticles were sedimented between 2,000 and 15,000 X g; ‘‘micro- 
somes’? were sedimented between 15,000 and 140,000 X g; super- 
natant represents soluble proteins remaining after sedimentation 
of ‘‘microsomes.”’ 





Acetate incorporated | Distribution of label 

















Addition ~ 
a | Lipid | inte [Stearate| Oleate 
; mumoles | % | &® % 
1. Particles, 0.2 ml........| 6.55 | 1.70 | 3 63 
2. ‘‘Microsomes,’’ 0.2 ml..| 0.75 | 0.25 | | 
3. Supernatant, 0.2 ml....| 7.55 | 0.05 | | | 
4. Item 1 + item 2 ..| 5.95 | 2.10 | 35 | 23 | 42 
5. Item 1+ item3...... 5.15 | 1.05 | 36 | 52 | 12 
6. Item 2 + item 3.. 7.50 | 0.35 | | 
TaBLe VIII 

Effect of supernatant on incorporation and distribution of acetate 


Reaction mixtures as in Table VII except for additions. Par- 
ticles prepared as in material and methods. Supernatant, re- 
maining after sedimentation of particles. 


Senccae ) : 





Distribution of label 


























Additions an Pal | 
| cattate Stearate| Oleate 
mymoles | % % % 
Pantaenes, OF Oi) «cs 6.ccis- ca shinwe:s 2:2 | 2 | O 70 
Particles, 0.2 ml + supernatant, | 
REE eye ene trans 1.85 29 | 6 
Particles, 0.2 ml + supernatant, 
Le” erry oe: seer 1.65 35 12 | 
Particles, 0.2 ml + supernatant, | 
en. ee 1.35 | 57 19 
Particles, 0.2 m] + supernatant, 
eer ree 0.95 50 | 30 20 
Supernatant, 0.2 ml............. 0 
Boiled supernatant, 0.2 ml....... 0 
Boiled supernatant, 0.2 ml + par- 
ticles, 0.2 ml.................] 2.10 43 | 0 | 57 
| 
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decline in proportion of labeled oleate at the higher particle 
concentrations. 

Effect of Aeration—The possibility remained that some co- 
factor or endogenous substrate was being exhausted at the higher 
particle concentrations. Because the enzymic activity of the 
supernatant fraction appeared to be in catalyzing tricarboxylic 
acid cycle activity, it seemed likely that oxygen was being 
consumed. Reactions were therefore run at two different 
particle concentrations with and without aeration. The results 
(Table IX) showed that aeration maintained oleate synthesis 
even at high particle concentrations. There is a tendency for 
aeration to reduce gross incorporation probably by surface 
inactivation of the enzymes. 

Absolute Oxygen Requirement for Oleate Biosynthesis—The 
experiences described above made it possible to choose conditions 
of pH, temperature, and particle concentration which would 
produce appreciable label in oleate when radioactive acetate was 
supplied to avocado particles. With this system the effect of 
anaerobiosis on the biosynthesis of oleate was tested. The 
experiments were carried out in Thunberg tubes which were 
evacuated and the atmosphere replaced either with air or helium. 
The results (Table X) clearly proved that oxygen is an absolute 
requirement for oleate biosynthesis. 

Effect of Cyanide and Azide—Incorporation of acetate into 
long chain fatty acids was inhibited only to a slight extent by 
cyanide (2 xX 10-* m) and azide (2 X 10° m). This slight 
inhibition was not associated with decrease of oleate formation. 
It seems that the requirement for oxygen in the biosynthesis of 
oleate, therefore, does not involve a pathway of electron transport 
such as the cytochrome system. Attempts to substitute for 
oxygen with artificial electron acceptors have been thwarted by 
the inhibitory effects of the electron acceptors. 

Metabolism of Long Chain Fatty Acids—Several of the experi- 
ments reported above and particularly those demonstrating the 
oxygen requirement suggest a precursor-product relationship of 
stearate and oleate. Palmitate and stearate were tested as 
substrates for a hypothetical desaturating enzyme. Both acids 
were readily activated as indicated by their rapid incorporation 
into phospholipid and triglyceride, but saponification and 
separation of the fatty acids showed that no detectable trans- 
formations had taken place. Experiments with decanoic acid also 
resulted in a rapid ATP- and CoA-dependent incorporation of 
label into glycerides. In this case also, saponification and iden- 
tification of the labeled fatty acids indicated that the decanoic 


TaBLe IX 
Effect of aeration on distribution of incorporated acetate in long 
chain fatty acids 
Reaction mixtures as in Table VII except as indicated in this 














table. Aeration by slowly bubbling air through the reaction 
mixture. 
Distribution of label 
Acetate me bare 
incor- 2 
porated nite Stearate . Oleate 
mpmoles % % %  % 
Particles, 02 ml. ........... 6.5 30 5 0 | 65 
Particles, aerated, 0.2 ml....| 1.5 27 0 0 | 73 
Particles, 0.5 ml............} 8.0 45 28 2 | 2 
Particles, aerated, 0.5 ml....| 4.6 29 0 0 71 
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TaBLE X 


Effect of oxygen on distribution of incorporated acetate in long 
chain fatty acids 


Reaction mixtures contained: Tris-HCl, pH 7.8, 100 umoles; 
acetate-1-C™ (800,000 d.p.m.), 250 mumoles; cofactors as in ma- 
terial and methods; particle suspension, 0.3 ml; final volume, 
1.5 ml; reaction time 1 hour at 40°. Reactions run in Thunberg 





























tubes. The tubes were evacuated, and the atmosphere was re- 
placed either with air or with helium. 
| Distribution of label 
Acetate 
incorporated 
Palmitate Stearate Oleate 
a 
mumoles % % % 
| oe 11.9 53 1 46 
| | 10.4 48.5 5 46.5 
Helium...... 11.8 61 39 0 
Helium...... 10.9 66.5 33.5 0 
TABLE XI 


Incorporation of acetate into organic acids and fatty acids 


Reaction mixtures as in Table VII (particle suspension, 0.2 
ml). 








| Acetate Distribution of 
| incorporated label 
mymoles % 
ame Oe. es Een 1.70 
nr 16 ee | 34 
IN is So, RL ea | 3 
COUNE: 5 5 iexaiorneciac,. cube wee 64 
| 
On ae a or aes 6.55 
ee ETT Te ee 70 
ees eer ery eS 8 
i ES LIEBE AOR LT UF 12 








* Other compounds tentatively identified: a-ketoglutarate 5%, 
glutamate 5%. 


acid had been incorporated into complex lipids without chain 
lengthening. 

Interrelationship of Organic and Fatty Acid Metabolism—Table 
VI showed that there was considerable incorporation of acetate 
into water-soluble acids. Incorporation into this fraction usually 
exceeded the incorporation into lipid. The composition of the 
radioactive organic acids was variable, but citrate was always 
predominant. Some typical results are presented in Table XI. 
Predictably, malonate inhibited incorporation of acetate into the 
organic acid fraction, but of the acids formed, succinate formed a 
higher proportion than in the absence of malonate. Citric acid 
also inhibited the incorporation of acetate into organic acids. 
These two acids also had a striking effect on incorporation of 
acetate into lipid. Citrate stimulated at lower concentrations 
but inhibited when the concentration was raised. Citrate always 
lowered the proportion of incorporated radioactivity found in 
oleate. Malonate slightly inhibited the incorporation of acetate 
into fatty acids, but always increased the incorporation into 
oleate (Table XII). 
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TaBLE XII 
Effect of citrate and malonate on acetate incorporation 
into organic acids and fatty acids 
Reaction mixtures as in Table VII except as indicated in this 
table (particle suspension, 0.2 ml). 






































" a Bacon = Distribution of label 
mount 
of 
addition i 4 
Poe Lipid ES Stearate|At@chi- | Oleate 
pmoles mumoles % % % % 
No additions..... 6.45| 8.55 30 | 30 | 0 | 40 
Citrate.......... 5 | 3.15 | 10.8/ 31 51 4 14 
Citrate.......... | 10 | 2.80} 11.4| 28 | 54 | 3 | 15 
a 20 | 2.10| 9.45} 29 | 47 2 22 
Citrate. ........- | 30 | 2.10| 7.45) 27 48 2 | 23 
} | | 
No additions... ..| | 6.60 | 8.20} 26 33 0 | 41 
Malonate........ | 5 | 6.25} 8.50) 23 | 12 | O | 65 
Malonate........ | 10 | 5.35 8.15, 24 | 14 | 0 | 62 
Malonate..... -+| 30 3.70 7.10) 21 9 0 | 70 
| | | 
DISCUSSION 


The intracellular localization of fatty acid synthesis is still 
subject for discussion and experimentation, although perhaps not 
in that order. Work in Gurin’s laboratory indicated that fatty 
acid synthesis by rat liver took place in the mitochondria (24). 
It was possible to solubilize the enzymes by grinding liver tissue 
in phosphate buffer rather than sucrose (25), or by lysing the 
mitochondria in water (26). On the other hand, the enzymes in 
rabbit mammary gland were always found in the soluble fraction 
(21). Most of the work done by Wakil et al. (22) has been with a 
soluble system, but they have recently rediscovered mitochon- 
drial synthesis of fatty acids (27). Abraham e¢ al. (28) have a 
fatty acid-synthesizing system which requires the cooperative 
efforts of microsomes and a soluble fraction. Although it has 
previously been reported that in avocado, fatty acid synthesis is a 
property of a particulate fraction (10), the variability in syn- 
thesizing systems briefly noted above prompted a re-examination. 

The particulate fraction in which fatty acid-synthesizing 
activity has been found is sedimented at centrifugal forces 
considered to sediment mitochondria. The particles have 
enzymic activities usually associated with mitochondria, such as 
the ability to interconvert intermediates of the tricarboxylic acid 
cycle, and the ability to oxidize long chain fatty acids. It has 
not been excluded that the fatty acid-synthesizing activity of the 
particles may be due to enzymes adsorbed on the mitochondria or 
to aggregated microsomes. It is to be noted that the particulate 
fraction, in forming glycerides, can readily trap fatty acids that 
are formed, This property may be of importance in facilitating 
fatty acid synthesis by removing the reaction product. But it 
may equally well be a handicap in the attempts to observe inter- 
conversions of fatty acids. Fatty acids that are added to the 
reaction mixture are rapidly incorporated into triglycerides, and 
as such have no opportunity for chain elongation or desaturation. 
It is apparently necessary to prepare, from avocado particles, 
enzymes which will synthesize free fatty acids including oleic 
acid. Extracts of acetone powders of avocado particles do make 
free fatty acids, but it has now been definitely shown that these 
acids are entirely saturated.? 

The enzyme sysvems for tne formation of unsaturated fatty 
acids have n2en deseribed by Bloorafield and Bloch (11), who were 
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able to show a requirement for TPNH and oxygen. The 
soluble system of Bernhard et al. (29) also converted stearic acid 
to oleic acid, but cofactor requirements were not elucidated. 
Other reports of desaturation in vitro of long chain fatty acids 
must be questioned because of the unspecific method of assay by 
reduction of methylene blue (30, 31). Although the avocado 
system is complicated, the results obtained with it, showing that 
oleate biosynthesis is absolutely dependent on oxygen and is 
insensitive to cyanide and azide, are similar to those obtained 
with enzyme preparations from Saccharomyces cerevisiae (11). 

We arrived empirically at our results on the experimental 
conditions necessary for the incorporation of acetate into oleate. 
With the exception of the pH effect, the conditions all illustrate 
the oxygen requirement for oleate biosynthesis. Low particle 
concentrations reduce the demand for oxygen in extraneous 
reactions, and the effect of higher temperatures may be explained 
as raising the rate of oxygen diffusion in the unshaken reaction 
mixtures. It is probable that the practice of flushing reaction 
vessels with nitrogen, presumably to prevent fatty acid oxidation, 
has been responsible for the low labeling of oleate in some 
experiments (10, 32). 

Inhibition of fatty acid biosynthesis by free fatty acids has been 
observed by Langdon (33). We agree that the requirement of 
free fatty acid for ATP and CoA is the fundamental effect, but 
utilization of ATP is probably more important than utilization 
of CoA. 


There is no such return of ATP. 


This information on fatty acid synthesis may be considered in ; 


conjunction with information on the effect of fatty acids on 
phosphorylation and swelling of mitochondria. Sacktor (34) 
observed that decline of P:O ratio on aging of mitochondria 
could be prevented by the presence of bovine serum albumin. 
Recently, this observation has been extended by showing that 
the decline in P:O ratio can be reproduced by addition of oleate 


to mitochondria, and both effects can be reversed by albumin (35). © 


Scholefield (36) and Pressman and Lardy (37) observed that 
fatty acids uncoupled oxidative phosphorylation. Somewhat 
later, Lehninger and Remmert (38) showed that a factor, 
enzymically released from mitochondria, stimulated swelling of 
the mitochondria and uncoupled oxidative phosphorylation. 
The effects of the factor could be duplicated by oleate. 


In the avocado system, because activated long chain | 
fatty acids are incorporated into glycerides, CoA is released. | 


It was | 
shown that mitochondrial swelling caused by various agents | 


including oleate, could be reversed by ATP, magnesium ions, and | 


albumin (39). 

In these three cases, mitochondrial swelling, phosphorylation, 
and fatty acid synthesis, the basic effect of free fatty acids may be 
the consumption of ATP as they are activated. Apparently, the 
lipids of the mitochondria are attacked by lipolytic enzymes, and 
ATP is necessary to repair them. Turnover of ATP is, there- 
fore, accelerated by free fatty acids and in some cases the in- 
creased rate may be responsible for stimulation of ATP-P® 
exchange (40). 

Langdon (33) finds that even albumin-bound fatty acids 
inhibit fatty acid synthesis to some extent. Inasmuch as it is 


oe 


oe 


known that crystalline samples of serum albumin contain fatty | 


acids (41, 42), it is not surprising that in the study on fatty acid 
synthesis, albumin in the absence of added oleic acid caused some 
inhibition. It also provides an explanation for the incomplete 
reversal of oleate inhibition of fatty acid synthesis, and the in- 
complete reversal of the effect of oleate on P:O ratio (35). 
There are several reports of stimulation of fatty acid synthesis 
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by citrate, isocitrate, and malonate. The stimulatory effect of 
citrate could not be replaced by TPNH, or by TPNH-generating 
systems (43). It was concluded that the effect of citrate was by 
virtue of its supplying carbon dioxide necessary of the formation 
of malonyl-CoA (44). It is probable that stimulation by 
malonate was due to decarboxylation similarly producing carbon 
dioxide (45). However, malonate and citrate have affected 
fatty acid synthesis by the avocado system in the presence of 
saturating levels of bicarbonate. They undoubtedly influence 
tricarboxylic acid cycle activity. In the avocado system, acetate 
may be utilized either to form fatty acids or organic acids. 
Citrate may block entry of acetate into the tricarboxylic acid 
cycle, thus making more acetate available for fatty acid synthesis. 
It has a second effect of lowering the proportion of oleate formed, 
presumably because oxygen is depleted in the oxidation of the 
added citrate. Malonate also inhibits the tricarboxylic acid 
cycle activity, but the potential increase in fatty acid synthesis is 
counteracted by the formation of malonyl-CoA, which dilutes the 
radioactive malonyl-CoA formed from radioactive acetate. In 
the presence of malonate, the proportion of labeled oleate in- 
creased because of the inhibition of oxygen consuming reactions 
associated with the tricarboxylic acid cycle. 

It is interesting that malonate and citrate, normal products of 
acetate metabolism by avocado particles, can affect fatty acid 
synthesis in the ways described. In the absence of hormonal 
control, fatty acid synthesis may be controlled indirectly by these 
two acids. 


SUMMARY 


1. Fatty acids are synthesized from acetate by a particulate 
preparation from avocado mesocarp, sedimenting between 2,000 
and 15,000 x g. The preparation also incorporates acetate into 
citric, succinic, malic, a-ketoglutaric, and malonic acids. 

2. The fatty acids are in the form of triglycerides and phos- 
pholipids. 

3. The pH optimum for acetate incorporation is 8. The 
proportion of incorporated acetate in oleate declines markedly 
above this pH. 

4. The formation of oleate is absolutely dependent on oxygen. 
Conditions that tend to increase the availability of oxygen favor 
the formation of oleate. These conditions include higher 
temperatures (up to 46°), and the use of dilute suspensions of the 
particles. 

5. Free fatty acids, particularly oleate, inhibit incorporation of 
acetate into fatty acids. Incorporation into acids of the tri- 
carboxylic acid cycle isalso inhibited. The inhibition is probably 
due to the utilization of adenosine triphosphate. 

6. Malonate and citrate inhibited incorporation of acetate into 
acids of the tricarboxylic acid cycle. Malonate increased the 
proportion of label found in oleate, whereas citrate lowered the 
proportion. 

7. When decanoate, palmitate, and stearate were supplied to 
the particulate fraction, they were incorporated unchanged into 
triglyceride and phospholipid. There was no desaturation or 
chain elongation of these acids. 
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Cell-free systems that catalyze the condensation of acetyl- 
coenzyme A to form long chain fatty acids have been prepared 
from chicken liver by Wakil et al. (1), from yeast by Lynen (2), 
and from rat liver and brain by Brady, Bradley, and Trams 
(8, 4). In 1957, Stumpf and Barber (5) described a mitochon- 
drial system isolated from avocado mesocarp that incorporated 
C'-acetate into long chain fatty acids, mostly as triglycerides. 
In 1958, Squires et al. (6) prepared a water-soluble system from 
these particles that readily formed long chain fatty acids, pro- 
vided CO2 was added, and in 1959, Stumpf et al. (7) demonstrated 
sensitivity of this system to avidin. 

This paper will describe the preparation and properties of a 
water-soluble enzyme system from mitochondrial particles of the 
avocado mesocarp. This system catalyzes the incorporation of 
acetyleoenzyme A and malonyleoenzyme A to long chain fatty 
acids. 4 


EXPERIMENTAL PROCEDURE 


Preparation of Acetone Powder—The Fuerte variety of avocado 
(Persea americana) used throughout this study was purchased 
locally. The McArthur variety can also be used as a source of 
enzyme. The fruit, ripened 2 to 3 days at room temperature, 
was peeled and deseeded, and the mesocarp was sliced into thin 
pieces. Approximately 550 g of the mesocarp were homogenized 
with an equal volume of 0.25 m reagent grade sucrose at the 
number | position (8000 r.p.m.) of the Waring Blendor (1 gallon, 
Model CB-3) for 10 seconds and the number 2 position (10,000 
r.p.m.) for an additional 5 seconds. One-third of the original 
volume of sucrose used was again added and the homogenization 
repeated, to produce a smooth thin paste. This paste was 
centrifuged either in a Lourdes model L-R or Servall RC-2 cen- 
trifuge for 10 minutes at 600 to 1000 x g. Three layers were 
obtained: (a) the sediment; (b) a slightly turbid middle fraction; 
and (c) an upper layer composed of lipids. The middle layer was 
siphoned off and saved, the other two layers were resuspended 
with 0.25 m sucrose and recentrifuged, and the middle layer was 
again saved. The sediment and the top lipid fraction were 
discarded. The slightly turbid middle layer was then centri- 
fuged at 15,000 x g for 30 minutes. The resulting sediment was 
suspended in a minimal volume of 0.25 m sucrose, and an acetone 
powder was prepared. The yield was approximately 1 g of 
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acetone powder of particles from 1000 g of mesocarp. The fatty 
acid-synthesizing system was prepared by suspending 100 mg of 
the particle acetone powder in 0.85 ml of 0.2 m PO, buffer at pH 
7.1. The suspension was stirred for about 1 minute and then 
centrifuged at 27,000 to 30,000 x g for 10 minutes. Whereas 
the dry acetone powder is stable for at least 6 months at 0°, the 
clear supernatant loses activity rather rapidly when frozen over- 
night, 7.e. a 75% loss. 

Methods—The protein concentration was determined by a 
biuret reaction (8). Paper chromatography of the fatty acids 
was carried out on silicon-treated paper according to the method 
of Mangold, Lamp, and Schlenk (9). The technique of Bu- 
chanan (10), with acetic acid-formic acid-H:O2 (9:1:1), was 
utilized for the separation of unsaturated and saturated fatty 
acids by paper chromatography on silicon-treated paper. 

Dyer’s monophasic procedure (11) was used for extraction of 
lipid from the reaction mixture. The lipid samples were counted 
on a Packard liquid scintillation spectrometer, with a toluene- 
phosphor mixture. Chromatographic strips were scanned witha 
Nuclear-Chicago Actigraph II strip counter. When necessary, 
the areas under the peaks were measured by planimetery. 
Hydrolysis of thiol esters were carried out for 15 minutes at 50° 
at approximately pH 11. The phospholipid and glycerides were 
hydrolyzed for 3 hours in 2 or 3 ml of 0.3 N ethanolic KOH and 
the fatty acids isolated by Dyer’s procedure. The neutral 
lipids were separated from phospholipids by silicic acid chro- 
matography (12). 


Chloroform was the eluting solvent. for | 


neutral lipid, whereas 5% chloroform in methanol was used to | 


elute phospholipids. The procedure of Barron and Hanahan 
(13) was used for total fractionation of the neutral lipid with a 


2.5-g silicic acid column. The fatty acids were separated from | 
triglycerides by the procedure of Borgstrém (12) by washing | 


with 0.05 n NaOH in 55% ethanol. 

Acetyl-1-C™ was synthesized from acetic anhydride by the 
method of Simon and Shemin (14). Cold malonyl-CoA was 
synthesized by the procedure of Vagelos (15) with diketene. 
Malonyl-1,3-C'CoA was prepared by the method of Brady 
(16). Avidin was obtained from Nutritional Biochemical Cor- 
poration, Cleveland, and had 2.5 units per mg. 


RESULTS 


General Properties—In the avocado, the enzyme complex 


responsible for the synthesis of fatty acid is localized in the large 
particulate fraction usually associated with 
These particles sediment at 15,000 x g, have Krebs cycle activity, 
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TaBLeE I 
Incorporation of acetate-1-C™ into lipids by 
different cellular fractions 

Reaction mixtures contained either 100 mumoles of acetate-1-C™ 
(110,000 c.p.m.) or 188 mymoles of acetyl-1-C"-CoA (86,000 c.p.m.) 
in 1 ml. 

‘‘Microsomes”’ were prepared by centrifuging 250 ml of super- 
natant, which had been submitted to centrifugation at 15,000 X g, 
for 92,000 X gfor1 hour. The particles were suspended in 1 ml 
of 0.25 M sucrose, and 0.2 ml was used in each experiment. 

Supernatant enzymes were obtained by precipitating proteins 
from 5 ml of the supernatant (from the 92,000 X g centrifugation) 
by adjusting to 80% saturation with respect to (NH,)2SO,. The 
precipitate was dissolved in 1 ml of 0.9% NaCl. Protein, 1.6 
mg, was used in each experiment. Except when noted, reaction 
conditions were described in Fig. 1. 














Substrate | Enzyme source acm 
mumoles 
Acetate Particle acetone powder 7.2 
Acetate Particle acetone powder + superna- 6.1 
tant 
Acetate Supernatant 0.4 
Acetyl-CoA Particle acetone powder 120 
Acetyl-CoA Particle acetone powder + superna- 
tant 54 
Acetyl-CoA Supernatant 0.9 
Acetyl-CoA Particle acetone powder + ‘‘micro- 16.2 
somes”’ | 
Acetyl-CoA ‘“Microsomes’’ | 0.5 





oxidize fatty acids! and carry out oxidative phosphorylation (17). 
The small particles that are centrifuged at 100,000 x g and the 
supernatant fraction derived from this centrifugation have 
essentially no lipid synthetic activity and in fact inhibit the 
incorporation of acetate (see Table I). 

The fatty acids synthesized by the soluble extract of the ace- 
tone powders were consistently found in triglycerides and phos- 
pholipids and not as free fatty acids. However, when this 
extract is centrifuged at 140,000 x g for 90 minutes, a small 
pellet is obtained that has no capacity to form fatty acids from 
C'-acetate but does rapidly incorporate stearate or palmitate 
into triglycerides in the presence of ATP and CoA. Although 
the supernatant fraction retains all the capacity to synthesize 
palmitate and stearate from acetate, these acids are now free and 
not esterified with glycerol or CoA (Table IT). Although Lynen 
(18) reports that the fatty acid-synthesizing system isolated 
from yeast is centrifuged down quantitatively at 140,000 x g 
for 75 minutes, in the present case, the synthesizing system re- 
mains in the supernatant fraction. 

Closer investigations indicate that the pellet, obtained by 
prolonged centrifugation of particle acetone powder extracts, is 
derived from “‘microsomal’’ particles. With a fresh supernatant 
fraction freed from mitochondrial particles by centrifugation at 
12,000 x g for 30 minutes, a “microsomal” pellet is obtained 
after centrifugation for 140,000 x g for 90 minutes which con- 
tains active systems for the synthesis of triglycerides and phos- 
pholipids. Presumably, in the preparation of our standard 
mitochondrial fraction, a considerable number of “microsomal” 


1 Dr. James Nance, personal communication. 
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Fig. 1. a, effect of pH on acetate-1-C™ incorporation; b, effect 
of CoA; c, effect of HCO;-; d, effect of time. The usual reaction 
mixture contained: ATP, 6 umoles; CoA, 0.133 umoles; TPN, 
0.067 umole; Mn**, 1.25 uwmoles; glucose-6-P, 1 umole, added 
HCO,;, 30 umoles; acetate-1-C", 0.10 umole; protein, 6 mg; and 
potassium phosphate buffer, pH 7.1 (including buffer enzyme 
extract), 0.1 mmole. The total volume of the reaction mixture 
was 1 ml, and the reaction time was 14 hours. 


particles contaminate the fraction and account for the synthesis 
of glycerol lipids in fresh mitochondrial preparations and in 
extracts of acetone powders of these preparations. All the work 
to be reported here is with nonultracentrifuged extracts of 
particle acetone powder that catalyzes long chain fatty acid 
esterification into triglyceride. 

As shown in Fig. la, the enzyme system? has optimal activity 
at pH 7.1 in 0.2 m phosphate buffer. Tris buffer at 0.2 m and 
pH 8.0 seemed to be inhibitory. Optimal incorporation of 
acetate occurred at an ATP concentration of approximately 6 


2 Extract of particle acetone powder centrifuged at 25,000 x g 
for 10 minutes. 
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TaBLeE II 


Incorporation of fatty acid precursors by high speed supernatant 
of particle acetone powder 

Reaction mixtures contained 0.1 wmole of acetate, or 0.22 
umole of acetyl CoA, or 0.12 umole of malonyl-CoA. Calculation 
of incorporation of malonyl-1,3-C'™ CoA included loss of 1 equiva- 
lent of CO2. The supernatant and particles were obtained by 
centrifuging the particle acetone powder extract for 90 minutes 
at 140,000 X g. The unwashed particles were suspended in two- 
thirds the original volume of the extract. Except when noted 
the reaction conditions were the same as described in Fig. 1. 























Substrate Enzyme Cofactor omitted | Phonan 
mpmoles % 
Acetate-1-C™ | Supernatant 37 37 
Acetyl-1-C'-CoA | Supernatant CoA | 78 35 
Acetyl-1-C%-CoA | Supernatant ATP,CO. | 1 1 
Malony!]-1,3-C"- Supernatant | CoA, ATP | 41 34 
CoA | 
Acetate-1-C" Particles 0.2 0.2 
Acetyl-1-C'*-CoA | Particles CoA 2.6 1.2 
Malonyl-1,3-C'- | Particles ATP, CoA 1.2 1.0 
CoA 
TaBLe III 


Effect of cofactors and avidin on incorporation of 
acetyl-CoA and malonyl-CoA 


Reaction mixtures contained 188 mymoles of acetyl-1-C'*-CoA 
(86,000 c.p.m.) and 310 myumoles of malonyl-1,3-C'-CoA (12,280 
c.p.m.). Calculation of malonyl-1,3-C™ incorporation includes 
loss of 1 equivalent of CO. Avidin, 250 ug, was used in each 
case. Except where indicated, the reaction conditions were-the 
same as described in Fig. 1. 














| r Substrate 
Substrate } Cofactor omitted Avidin incor- 
| porated 
| mumoles 
1. Acetyl-CoA Complete (0.26 umole of - 49 
| CoA) 
Acetyl-CoA | —CoA = 122 
Malonyl-CoA | Complete - 179 
Malonyl-CoA | —ATP, CoA, HCO; - 172 
2. Acetyl-CoA | —CoA — 125 
Acetyl-CoA | —CoA + | 8.0 
Malonyl-CoA | —ATP, CoA, HCO;- — | 155 
Malonyl-CoA | —ATP, CoA, HCO; + | 161 
| 





TaBLe IV 
Inhibition of acetate-1-C'* incorporation into fatty acids by avidin 
Reaction conditions were the same as in Fig. 1, except with the 
addition of avidin. 








Avidin Incorporation 
ug % 
0 100 
20 28 
50 8.2 
100 6.0 
150 5.7 
200 4.5 
300 4.4 
400 3.1 
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umoles per ml. Optimal concentration for TPN+ and CoA were 
approximately 0.067 umole per ml and 0.175 wmole per ml, 
respectively. Higher concentrations of CoA cause inhibition 
(Fig. 1b). Manganous ions at a concentration of 1.25 pumoles 
per ml gave optimal stimulation. A concentration of 1 umole 
per ml of either glucose-6-P or isocitric acid was arbitrarily used 
as a substrate of TPNH generation; however, a definite require. 
ment was never observed for these substrates. Maximal in- 





corporation occurred with approximately 30 umoles per ml of 
bicarbonate, Fig. lc. With 100 mumoles of C'-acetate as the | 
substrate, incorporation into fatty acids leveled off after 9 | 
minutes of incubation at 31°. At higher temperatures, up to | 
40°, there was no effect in total incorporation or the type of fatty | 
acids produced. The rate of incorporation of acetate-1-C 
acetyl-1-C-4-CoA and malonyl]-1,3-C'-CoA varied somewhat 
from one enzyme preparation to another with the total amount 
incorporated in 90 minutes being from 10 to 65%. However, | 
most preparations gave an incorporation of 30 to 40% when 6 mg 
of protein were used. 

As indicated in Table II, the incorporation of acetyl-1-C'-CoA 
into long chain fatty acids is dependent on ATP and HCO;, 
whereas with free acetate-1-C', CoA, ATP, and HCO;~ are es. 
sential components. The incorporation of malonyl-1 ,3-C'-CoA 
into fatty acids is independent of CoA, ATP, or HCO;-. Be. 
cause of the presence of malonyl-CoA decarboxylase and de. 
acylase in the system, the interdependence of acetyl-CoA and 
malonyl-CoA is difficult to demonstrate. 

The incorporation of labeled malonyl-CoA into fatty acids is 
not affected by the addition of avidin, whereas incorporation | 
of acetyl-CoA is greatly inhibited by avidin (Table III). As 
shown in Table IV, the addition of 100 ug of avidin caused almost 
the maximal inhibition of acetate incorporation with 6 mg of 
protein in the reaction mixture. After this point, the addition of 
larger quantities of avidin produced smaller increments of 
inhibitions. It is consistently observed that complete inhibition 
at higher avidin concentrations is never obtained. These results 
support the present hypothesis of fatty acid synthesis proposed | 
by Wakil (1), Gibson et al. (18), Lynen (2), and Brady (19) in 
which malonyl-CoA is the prime condensing unit in fatty acid 
synthesis. 

A series of other inhibitors were tested with the synthesizing 
system. Arsenite at 10-* m inhibited the incorporation of ace- 


Toomareren a miter anes = 








tate by 70% and at 10-‘m inhibited 45%. This is in accord with 
the results of Brady (3) and Lynen (20), which suggests the | 
involvement of juxtaposed sulfhydryl groups at the active site| 
for long chain fatty acid synthesis. Arsenate, cyanide, and 
azide at 5 X 10-*Mm had no inhibitory effect on acetate incorpora- 
tion. ' 
Product of Reaction—Table V shows the composition of the | 
lipids isolated from the reaction mixture.’ It is apparent that | 
the majority of the synthesized fatty acids has been incorporated | 
into glyceride and phospholipid moieties. On hydrolysis of the 


3 Unfortunately, the particle acetone powder extract contain | 
the tricarboxylic acid cycle that affords a drain on the substrates | 
used for fatty acid synthesis. With acetate-1-C™ and acetyl: | 
1-C-CoA (and to a lesser extent malonyl-1,3-C'-CoA) as the | 
substrate, the formation of citric, glutamic, succinic, and malice 

acids has been shown by paper chromatography. From 15 to 40% | 
of the radioactivity from the substrate added may be found it | 
these compounds. Because the fatty acid-synthesizing activity 
of the extract declines sharply by dialysis, it has not been possible 
to remove the tricarboxylic acid cycle intermediates and thereby 
prevent the drain of acetyl-CoA away from fatty acid synthesis. 
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total lipid, palmitic and stearic acids occur as the predominate 
acids (Table IV). A trace of arachidic acid also is formed. At 
the beginning of these studies, no unsaturated fatty acid was 
synthesized; however, some of the more recent enzyme prepara- 
tions have catalyzed the synthesis of a small amount of an un- 
saturated fatty acid that has been tentatively identified as oleic 
acid. Thus, when enzymically synthesized free fatty acids are 
chromatographed in a solvent system consisting of acetic acid- 
formic acid-H2O2, there is a decrease in the palmitic acid peak 
with a concurrent appearance of a hydroxy acid peak. 
Malonyl-CoA has been observed in the reaction mixture when 
aged enzyme (extract particle acetone powder aged 24 hours in 


_ deep freeze) was incubated with either acetate-1-C™ or acetyl- 


1-C'-CoA as the substrate. After extraction with chloroform- 


TABLE V 


Reaction product produced by particle acetone powder extract and 
type of fatty acids isolated after hydrolysis 
A. Relative percent of activity in reaction products. Experi- 
ment 1. Lipid extracts of five standard reaction mixtures com- 
bined. Experiment 2. Lipid extracts of six standard reaction 
mixtures combined. Reactions and separations carried out as 
described in Fig. 1 and text. 














Experiment 1 Experiment 2 
Fraction = 
C.p.m. % C.p.m. % 
Hydrocarbons.......... 2,400 2.0 5,565 2.0 
Free fatty acids. ....... 7,080 5.0 10,210 5.0 
Monoglycerides......... 5,890 4.0 1,830 1.0 
Diglycerides............ 15,610 11.0 9,250 4.5 
Triglycerides........... 47,730 33.0 57,200 29 
Phospholipids........... 62,040 44.0 116,060 58 














B. Types and percentages of fatty acids synthesized. 




















Sample Ls Stearic Arachidic Oleic 
% | % % | em 
1. January 41 59 Approximately 1 
2. March 37 63 Approximately 1 
3. July 16 79 | § 
TaBLe VI 


Chromic acid oxidation 


Each sample was digested for 6 hours with 300 mg of chromic 
acid and 3 ml of sulfuric acid (1 ml of concentrated H.SO, and 2 
ml of H.O) under gentle reflux with a double-walled condensor. 
From 1 to 2 mmoles of acetic acid were added, and the mixture 
was steam-distilled. Theoretical calculations were based on the 
fact that these fatty acid samples had 25% palmitic and 75% 
stearic acid as determined by paper chromatography. 














com | Theat 2% Cu | Theoret 
(a) Initial fatty acids......... 90,400 
ee 11,125 10,655 104 
(b) Initial fatty acids......... 139,000 
Atetie acid............... 16,380 15,915 102 
(c) Initial fatty acids......... 183,000 
Acetic acid. .............. 20,250 21,060 | 96 





XUM 


E. J. Barron, C. Squires, and P. K. Stumpf 


2613 


methanol | ml of concentrated NH,OH was added to the aqueous, 
phase, and ammonolysis was carried out for 10 minutes at 45°. 
The aqueous phase was evaporated down to 0.1 to 0.2 ml; then 8 
ml of acetone were squirted in to mix the small amount of water 
rapidly with the acetone.* After the salts were centrifuged down, 
the acetone supernatant was evaporated to a very small volume, 
and samples were cochromatographed with synthetic monomalon- 
amide in ethanol-NH;-H,2O and pentanol saturated with 5 m 
formic acid. The synthesis of acetyl-CoA from acetate-1-C™ 
and CoA and the products of the malonyl-CoA deacylase (free 
malonic) and decarboxylase (acetyl-CoA) have been observed by 
the same technique. 

To prove that there is a synthesis de novo of fatty acids and not 
simply a chain elongation of existing fatty acids, chromic acid 
oxidation of the biosynthesized fatty acids was carried out (21). 
By this procedure, the hydrocarbon chain is oxidized to CO2 
until the penultimate CH;CH:-group is reached, and this is then 
converted to acetic acid. After chromic oxidation, the acetic 
acid was steam-distilled into concentrated ammonia. To a 4 ml 
sample was added 0.05 ml of 1 m Hyamine in methanol, and the 
sample was taken to dryness with the addition of small amounts 
of methanol at frequent intervals. The dried sample was dis- 
solved in toluene-phosphor solution and counted by the Packard 
liquid scintillation spectrometer. Table VI shows that the 
expected isotope content in the acetic acid derived from the 
terminating C2 unit of the long chain fatty acid was obtained, 
thereby indicating a synthesis de novo of fatty acids to palmitic 
acid and stearic acid. No evidence could be obtained to suggest 
chain lengthening with C'-palmitic acid and cold acetate as 
substrate, because labeled stearic acid wasnever formed. Palmitic 
acid was activated as the CoA derivative because it was readily 
incorporated into glycerides, providing both ATP and CoA were 
present. No short chain fatty acids appeared as intermediates 
during the synthesis of palmitic acid and stearic acid. 


DISCUSSION 

The fatty acid-synthesizing systems in the avocado mesocarp 
seem to differ from the systems reported by others (1-4) working 
with animal systems in that the sole site of synthesis is associated 
with “mitochondrial” particles. In addition, the site for tri- 
glyceride and phospholipid synthesis seems to be in the “micro- 
somal” particle. There is no evidence that there is a soluble 
enzyme complex in the cytoplasm for the synthesis of fatty acids. 
Whereas fresh mitochondria readily synthesize palmitic, stearic, 
and oleic acids, in the water-soluble extracts of acetone powders 
obtained from these ‘‘mitochondrial’”’ particles, the capacity to 
form oleic acid has been mostly lost. Also of interest is the 
consistent failure to elongate added palmitate to stearate by the 
addition of acetyl-CoA or malonyl-CoA to palmitate in the 
presence of ATP and CoA, although the system readily synthe- 
sizes stearate from a mixture of acetyl-CoA and malonyl-CoA. 

Of interest from the comparative point of view is that the 
actual mechanism of synthesis seems to be identical with that 
described in mammalian and yeast preparations. The avidin 
sensitivity of the system, the incorporation of malonyl-CoA into 
fatty acids, and the requirement for CO: and ATP for the in- 
corporation of acetyl-CoA all support the current concept of 
saturated fatty acid synthesis. 


4 Extraction procedure developed by Dr. M. D. Hatch of this 
department. 
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SUMMARY 


Water extracts of acetone powders of mitochondrial particles 
of avocado mesocarp readily incorporate acetate into palmitate 
and stearate in the presence of carbon dioxide, adenosine tri- 
phosphate, coenzyme A, Mn++, and reduced triphosphopyridine 
nucleotide-generating system. The system is very sensitive to 
avidin. Acetyleoenzyme A and malonyleoenzyme A together 
are readily incorporated into palmitate and stearate, but the 
system does not require adenosine triphosphate, coenzyme A, or 
carbon dioxide and is avidin-insensitive. The site for tri- 
glyceride synthesis seems to be the “‘microsomal” fraction. 


Acknowledgment—We wish to thank Miss Susan Woodbury, 
Mrs. George Ann Brady, and Mr. H. Sah for their assistance in 
the preparation of acetone powders of the avocado particles. 
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Cis-9,10-Methylene Hexadecanoic Acid from 
the Phospholipids of Escherichia coli* 
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Hofmann and Lucas (1) discovered a saturated cyclopropane 
compound in Lactobacillus arabinosus which they termed lacto- 
bacillic acid. Lactobacillic acid was found to be cis-11,12- 
methylene octadecanoic acid (2). A survey by Hofmann et al. 
disclosed that lactobacillic acid is present in several lactic acid 
bacteria (3) but absent in a group C streptococcus (4). Lacto- 
pacillic acid was also found to be identical with the previously 
described ‘“‘phytomonic acid” of Agrobacterium tumefaciens (5). 

In an analysis of the methyl esters of the fatty acids of Hsch- 
erichia coli we found a major constituent which eluted in gas- 
liquid chromatography between the methy! esters of Cis and Cis 
fatty acids. This paper describes the characterization of this 
component as cis-9,10-methylene hexadecanoic acid, the Ci; 
homologue of lactobacillic acid. 


EXPERIMENTAL PROCEDURE 


Growth of Cells—A laboratory strain of EZ. coli was grown 
aerobically in a medium containing 12.2 g of Kz HPO,, 9.4 g of 
KH2PO,, 1.5 g of (NH4)2SO,, 0.64 g of MgCl.-6 H.0, 0.02 g of 
CaCly-2 H.O, 1.0 g of KCl, and 10.0 g of glucose per liter. The 
cells were centrifuged soon after the culture reached maximal 
turbidity and were washed by centrifugation from distilled water. 

Extraction and Purification of Phospholipid—The cells were 
extracted twice with 95% ethanol at 60° for 10 minutes and 
twice with 30% methanol in chloroform (volume for volume). 
The combined extracts were pooled, and the solvents were re- 
moved at 50° and 15 cm of Hg. The lipids were chromato- 
graphed on silicic acid by the method of Lea, Rhodes, and Stoll 
(6). The fractions containing phospholipid were pooled for the 
analyses of the fatty acids reported here. 

Esterification—Methy] esters of the aliphatic fatty acids were 
prepared by heating either phospholipids or fatty acids in anhy- 
drous methanol containing 0.1 N HCl under a reflux for 1 hour. 
The methanol was evaporated to 1 ml under a stream of nitrogen 
and diluted with 1 ml of water. The esters were extracted with 
four successive 5-ml portions of petroleum ether, and the solvent 
was removed under a stream of nitrogen leaving the methyl 
esters as a nonvolatile residue. Ethyl esters were prepared by 
the same technique with a substitution of absolute ethanol for 
methanol. Esters were saponified in 0.2 n NaOH in 70% 
aqueous acetone (volume for volume) under a reflux for 2 hours. 

Hydrogenation—The mono-olefinic acids or their methyl] esters 
were hydrogenated at room temperature for 2 hours in methanol 


*Supported by a research grant from the National Science 
Foundation G-9860. 


with a catalyst of Pt-charcoal (Matheson, Coleman, and Bell, 
Inc.) under H2 at one atmosphere. This hydrogenation is selec- 
tive in that the cyclopropane ring is not opened under these 
conditions. 

Cyclopropane compounds were hydrogenated at 40° for 8 hours 
in glacial acetic acid with PtO2 catalyst (Nutritional Biochemicals 
Corporation). 

Analytical Gas-Liquid Chromatography—A 0.25 inch x 8 foot 
column of 25% diethylene glycol-succinic acid polyester on a 
support of firebrick (Wilkens Instrument and Research, Inc.) 
was used for the separation of both esters and ketones. Helium 
flowing at 45 to 100 ml per minute was used as the carrier gas. 
The effluent was monitored with a four-filament katharometer 
(Loe Engineering Company) the output of which was recorded 
with a l-mv recorder. Long chain fatty acids were analyzed as 
the methyl] esters at a column temperature of 187°. Dicarbox- 
ylic acids and short chain monocarboxylic acids were analyzed as 
the ethyl esters at a column temperature of 186°. Fatty alde- 
hydes and methy] ketones were chromatographed at column tem- 
peratures of 130 and 186°, respectively. For quantitative analy- 
sis the area under the peak for a given component was compared 
with the area corresponding to a known amount of a suitable 
standard. Area was assumed to be a linear function of the 
amount of the component over a range of threefold or less. 

Preparative Gas-Liquid Chromatography—For the isolation of 
individual esters a 0.75 inch x 5 foot column of 25% diethylene 
glycol-succinic acid polyester on firebrick was operated under the 
same conditions used for analysis. The column was loaded 
with approximately 30 mg of mixed methyl esters; the desired 
esters were trapped from appropriate fractions of the effluent gas 
in glass wool moistened with methanol. This operation was 
repeated until a sufficient quantity of the desired methyl ester 
had been collected. The ester was washed from the glass wool 
with methanol, and the solvent was evaporated. The esters 
recovered were heavily contaminated with the products of 
thermal decomposition of the liquid phase, from which the ester 
was purified by chromatography on silicic acid. The ester was 
transferred in petroleum ether to the column of silicic acid (Mal- 
linckrodt Chemical Works, 100 mesh) and eluted with 3% diethy] 
ether in petroleum ether. The decomposition products of the 
polyester elute only with more polar solvents. The separation 
of the fatty ester from the decomposition products of the poly- 
ester was established by infrared spectrophotometry; the fatty 
ester absorbs strongly at 1740 cm-, and the decomposition 
products of the polyester show sharp bands at 1785 cm- and 
1860 cm and a broad band at 1720 cm-!. The purity of the 
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Fic. 1. Gas-liquid chromatograms of methyl esters from the analysis was continued beyond the elution volume of C2; ester: Ps 
phospholipids of EF. coli (a) before, and (b) after mild hydrogena- The column was } inch X 8 feet of 25% diethylene glycol-succi. — 
tion with Pt-charcoal catalyst. The retention volumes of known nate polyester on firebrick operated at a column temperatureoi * 
methyl esters are indicated. No components of larger retention 187°; flow rate, 98.4 ml of He per minute, and detector current, 20 
volume than methyl] lactobacillate were detected although the 100 ma. 
fatty ester was established by gas-liquid chromatography_and action of palmitoleic acid with methylene zinc iodide by the 
by the infrared spectrum and melting point of the free acid. method of Simmons and Smith (8).!. The product was purified 
Oxidation of Unsaturated Fatty Acids—The position of the by gas-liquid chromatography of the methy] ester. pF 
double bond in mono-unsaturated fatty acids was established by Degradation with CrO;—Twenty to 30 mg of sample were dis | The: 
peroxidation. The olefinic acid (20 to 50 mg) was oxidized with solved in 1 ml of freshly distilled glacial acetic acid and heatel| iia 
performic acid to a dihydroxy acid essentially as described by to 60°. Forty milligrams of chromic acid were gradually addei aa 
Hofmann, Lucas, and Sax (7). Thedihydroxy acid wasdissolved _ to the solution with constant mixing (9). Monocarboxylic acid aie 
in 2 ml of acetone to which was added 2 ml of water containing and methyl ketones were recovered by steam distillation. Th pa 
50 mg of HIO,. After 2 hours of reaction at room temperature, nonvolatile dicarboxylic acids were extracted from the residu Id 
5 ml of water were added. The fatty aldehyde was extracted with diethy] ether. } pe 
with diethyl ether, dried with anhydrous Na2SO,, and concen- RESULTS for i 
pee : _ baa naa a fatty aldehyde Fig. la is a chromatogram of methyl esters of the fatty acids} 2) d 
be a = _— sh chromatography. ae from the phospholipids of E. coli. The components were ten-| of tl 
‘atty yi ye, . — ae ner pag acids (or tatively identified by a comparison of their retention volume} spec 
their ae yl ce a t a est gra " ——— “a — com- with methy] esters of known fatty acids (Table I). Deg 
re — wre “8 ies me oss ‘ mt — See Tentative identification was confirmed by chromatography oi! mg « 
, PA. cae os ears piste oe “ a the esters after mild catalytic hydrogenation (Fig. 1b). Com} only 
f mops er: a oe" y gas- ee es ae ar od 4 a0 €1¢ ponents A and B were unchanged, confirming their identification | ture 
985 Acomy h ; oa , wae a — . se om Ps a acter as myristic and palmitic acids, respectively. Component C dis} oleic 
yn "7 nt, t i ned gp a ae Aiea 4 * da “ee “1 — appeared in accordance with the expected reduction of palmito- I 
= ar ‘ ’ gne- my . sgt yo Arges Y'  leic acid to palmitic acid. Component E also disappeared, and! chrc 
ester. wd aoaeineigd ware ae ie “4 =, ge cnro- a new peak corresponding to the retention volume of methy! | for ¢ 
yin 4 our rope te ont * = 1 ol t did not s Ow an stearate was formed; thus, E was presumed to be an octadecenoit | chrc 
absorption band at 965 ies (out-o _ hydrogen deformation acid. The retention volumes of Components D and F were u-| mel! 
of trans olefins). Oxidation with performic acid and periodate changed by mild catalytic hydrogenation. A plot of the log} acid 
yielded only heptanal which was identified by gas-liquid chro-  ;ithm of the retention volume against the number of carbon} the 
matography and by preparation of the 2 ,4-dinitrophenylhydra- ; ! T 
799° 1 The authors wish to acknowledge the generosity of Dr. A.T. 
zone (m.p., 9 \3 sha . ar : teats ot f and 
: ‘ ’ \ : Bottini (Department of Chemistry, University of California 4 , 
Synthesis of cis-9 »10-M ethylene Hexadecanoic Acid—Cis-9 , 10- Davis) for the reagents used and his valuable advice concerning}  acic 
methylene hexadecanoic acid was prepared by stereo-specific re- the synthesis of cyclopropane compounds. ban 
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TABLE I 


| Separation of methyl esters of fatty acids from phospholipid of 


Escherichia coli by gas-liquid chromatography 

















bs Rela- Relative 
Relative] Gom-| tive retention 
Standard reten- | ‘bo- | reten- |Weightt volume | Weight 
BS ..7 nent | tion h low | 
volume “a | 
% | % 
Methyl myristate. ..... 0.549} A | 0.548] 5.7 ees | 4.8 
Methyl] palmitate...... 1.000} B | 1.000) 39.8 | 1.000 | 45.4 
Methyl palmitoleate...| 1.179] C | 1.177| 6.7 | Absent | 
D | 1.577] 21.8 | 1.575 | 23.2 
Methyl stearate. ......| 1.840 1.815 | 17.2 
Methyl oleate. ........ 2.125} E | 2.119} 18.6 | Absent 
| Methyl lactobacillate..| 2.840) F | 2.827) 7.4 | 2.834 | 9.4 
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* Retention volume relative to methyl palmitate (1.000). 
+ Mean of three determinations. 
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Fic. 2. Infrared spectrum of cis-octadecenoic acid from ZL. coli. 
The acid is spread evenly as a film over a pellet of KBr. 


atoms revealed that Component D and methyl] lactobacillate 
could be joined by a straight line with the same slope as that for 
methyl esters of the normal saturated fatty acids if D is assumed 
to be a Ci7 homologue of methyl] lactobacillate. 

Identification of Component E—The mixed methyl esters were 
chromatographed to yield a sufficient quantity of Component E 
for identification. The infrared spectrum of the free acid (Fig. 
2) does not show an absorption band at 965 cm— characteristic 
of the out-of-plane hydrogen deformation of trans olefins; the 
spectrum is in agreement with that of a cis-octadecenoic acid. 
Degradation with performic acid and periodic acid yielded 0.15 
mg of heptanal and 0.066 mg of nonanal per mg of sample with 
only traces of other aldehydes. Thus, Component E is a mix- 
ture of approximately 70% cis-11 , 12-octadecenoic acid and 30% 
oleic acid. 

Identification of Component D—The mixed methyl] esters were 
chromatographed to yield a quantity of Component D sufficient 
for chemical analyses. The product was 98% pure by gas-liquid 
chromatography (Fig. 3a). After saponification the free acid 
melted at 8.5-9.5°. Synthetic cis-9,10-methylene hexadecanoic 
acid also melted at 9°, and admixture of the two did not alter 
the melting point. 

The infrared spectrum of the free acid from Component D 
and the spectrum of synthetic cis-9,10-methylene hexadecanoic 
acid are shown in Fig. 4a and 4b. Both show an absorption 
band at 1020 cm-! characteristic of cyclopropane compounds. 
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Fic. 3. Gas-liquid chromatograms of the Ci: methyl ester iso- 


lated from E. coli (a) before, and (b) after hydrogenation with 
PtO: catalyst in glacial acetic acid. The retention volume of the 
minor peak after hydrogenation corresponds to n-heptadeca- 
noate. 
tions as in Fig. 1. 


The esters were chromatographed under the same condi- 
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Fic. 4. Infrared spectra of (a) methylene hexadecanoic acid 
from E. coli, (b) cis-9,10-methylene hexadecanoic acid synthe- 
sized from palmitoleic acid, and (c) hydrogenated methylene 
hexadecanoic acid from E. coli. The samples are spread evenly 
as a film over pellets of KBr. 
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Fic. 5. Gas-liquid chromatograms of (a) known methyl ke- 
tones, and (b) methyl ketones from the chromic acid oxidation of 
hydrogenated methylene hexadecanoic acid. The methyl ke- 
tones were chromatographed on a } inch X 8 foot column of di- 
ethylene glycol-succinate polyester at a column temperature of 


186°; flow rate, 46.5 ml of He per minute, and detector current, 
100 ma. 


Catalytic hydrogenation of the free acid in glacial acetic acid 
opened the cyclopropane ring. After hydrogenation the in- 
frared band at 1020 cm~- disappeared, and a new band at 1370 
cm, characteristic of methyl-branched chain alkanes, appeared 
(Fig. 4c). The products of hydrogenation presumably would be 
n-heptadecanoic acid and two isomeric methyl hexadecanoic 
acids. 


CH, 


bs \S H. 
CH,—(CH:),—CH—CH—(CH,)i2-»—COOH —5-5- 


CH;—(CH:):;—COOH 
CH,—(CH:),—CH—(CH;)::-.—COOH 
CH; 


CH;—(C He)n4:—CH—(CH2):2_,—COOH 
bn, 

Chromatography of the methyl esters of the products of hydro- 
genation revealed two new components (Fig. 3b). The smaller, 
trailing component was identical in retention volume with 
n-hepatadecanoic acid, which establishes the Cy skeleton of 
Component D. The larger component is presumably an unre- 
solved mixture of methyl-hexadecanoic acids which would be 
expected to predominate. Based on estimates of the integrals 
of the two peaks the n-heptadecanoic acid constitutes 15% and 
the branched chain acids 85% of the products of hydrogenation. 
Hydrogenation of the synthetic cis-9,10-methylene hexadec- 

anoic acid gave the same products. 
The position of the cyclopropane ring in Component D can be 
established by identifying the branched chain acids produced by 
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hydrogenation. The products of hydrogenation of Componey, gcids. 
D and of synthetic 9,10-methylene hexadecanoic acid wen) acids w 
oxidized with CrOs; in acetic acid. The principal products q! gnoic a 


this oxidation would be as follows: 
CH;—(CH:).—CH—(CH:),—COOH 
CH; 


| 
| CrO; 


O 


CH;—(CH.),—C—CH; + HOOC—(CH:),-:—COOH 
O 
Tl 
CH;(CH:)...—COOH + CH;—C—(CH:),—COOH 

The methyl ketones and the ethyl esters of the monocarboxyli 
acids and dicarboxylic acids were identified by gas-liquid chn. 
matography. Two methy] ketones, 2-octanone and 2-nonanon 
were identified as the only methyl] ketones (Fig. 5). Octanedoj 
and nonanedioic acids were the principal dicarboxylic acids. | 
variety of short chain monocarboxylic acids were formed in smal 
amounts; however, the principal monocarboxylic acids wer 
n-heptanoic and n-hexanoic acids. 

From the products of degradation it is evident that the 
branched chain acids produced by hydrogenation of both Con. 
ponent D and synthetic 9,10-methylene hexadecanoic acid ar 
9-methyl and 10-methyl hexadecanoic acid. The structure o 
Component D is established as cis-9 ,10-methylene hexadecanoi: 
acid. 


DISCUSSION 

Our results confirm the conclusion of Hofmann e¢ al. that the 
principal C,g fatty acid in bacteria is cis-vaccenic acid. In 
coli and in a group C streptococcus (4) cis-vaccenic acid is present 
together with substantial amounts of oleic acid. In lactobacili 
(7, 10) and in A. tumefaciens (5) cis-vaccenic acid is the only 
octadecenoic acid detectable. 

The methyl group of methionine has been found to be specif: 
cally incorporated into lactobacillic acid and not into the other 
fatty acids of L. arabinosus (11). This confirms the nutritional 
evidence which suggests that lactobacillic acid is formed by (| 
addition to cis-vaccenic acid (12, 13). The presence of a lower 
homologue of lactobacillic acid in E. coli was suggested by 
O’Leary (11) who found heavy labeling of one or more fatty acids 
of lower molecular weight than lactobacillic acid on the adminis- 
tration of methyl-labeled methionine. The large amount oi | 
cis-9,10-methylene hexadecanoic acid is probably the locus of 
this labeling. 

It seems likely that bacteria which synthesize cyclopropane 
acids form one corresponding to each of the mono-olefinic acids. | 
Thus, in Z. coli the 9,10-methylene hexadecanoic acid corre | 
sponds to palmitoleate. Since the octadecenoic acid of E. cali 
consists of both cis-vaccenic and oleic acids, Component F is 
probably a mixture of both lactobacillic and dihydrosterculic | 
acids. Unfortunately, an insufficient quantity of Component 
F was available for structural determination. 


SUMMARY 


The fatty acids of the ethanol-soluble phospholipids of Eseh- | 


erichia coli were found to contain myristic (5%), palmitic (40%), | 
palmitoleic (7%), octadecenoic (19%), and lactobacillic (7%) | 
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mponen acids. 


A new fatty acid which comprised 22% of the total fatty 


cid wen! acids was isolated and identified as cis-9,10-methylene hexadec- 
ducts 0} gnoic acid. 
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The evidence presently available indicates that the final step 
in the synthesis of triglycerides in liver is the esterification of an 
a,8-diglyceride by an activated fatty acid (1, 2). Weiss, Ken- 
nedy, and Kiyasu (1, 3) have demonstrated this esterification 
reaction in a particulate preparation of chicken liver with 
palmityl coenzyme A and various diglycerides as substrates. 
Recently, Steinberg, Vaughan, and Margolis (4) have presented 
evidence consistent with a precursor role for diglyceride in tri- 
glyceride synthesis by homogenates of rat epididymal fat pads. 

An analysis of the triglycerides of animal fat has revealed a 
relative preponderance of unsaturated fatty acids in the 8 posi- 
tion of the glyceride in all animals except the pig (5-7). This 
composition might be governed by the specificity of the en- 
zyme(s) catalyzing the final step in their synthesis. In chicken 
fat, palmitic acid and oleic acid together comprise more than half 
the total fatty acids of the triglycerides and are the most common 
saturated and unsaturated fatty acids... In this paper the spec- 
ificity of esterification of diglycerides is examined in a particulate 
enzyme system obtained from chicken fat. The diglycerides and 
activated fatty acids used in these studies contained oleic and 
palmitic acid. 

A chemical synthesis for palmityl coenzyme A and oley! coen- 
zyme A is described which gives a relatively high yield with 
respect to both coenzyme A and the fatty acid. 


EXPERIMENTAL PROCEDURE 


Enzyme Preparation—Mesenteric adipose tissue of freshly 
exsanguinated laying hens was grossly stripped of vessels and 
membranes. It was then homogenized in a Potter-Elvehjem 
homogenizer in twice its weight of a solution which was 0.25 m 
in sucrose and 0.01 m in 2-mercaptoethanol (Diluent 1). The 
homogenization and the following procedures were performed at 
0-4°. The homogenate was centrifuged at 700 x g for 10 min- 
utes causing the fat to layer at the top and the cellular debris 
and nuclei to form a pellet at the bottom of the tube. The fat- 
free solution between these layers was removed and was centri- 
fuged at > 67,000 x g for 40 minutes. The pellet obtained was 
resuspended in 3 the original volume of Diluent 1 and used in 
the experiments to be described. This preparation was stored 
for as long as 2 weeks at — 15° without appreciable loss of enzyme 
activity. Enzyme protein was assayed by the biuret method (8). 

All of the enzyme activity for triglyceride synthesis in the 


* Part of this work was performed during tenure of a Postdoc- 
toral Fellowship of the United States Public Health Service. 

! These data were obtained from gas-liquid chromatography by 
Dr. M. G. Horning. 


700 X g supernatant solution is obtained in the pellet of th 
centrifugation at 67,000 x g. The supernatant solutions of th! 
first and second centrifugations contained an active deacylay 
for palmityl-CoA; deacylase activity was negligible in the pelle 
of the 67,000 x g centrifugation. 

Incubation and Extraction—Incubations were carried out 4 
37° in glass-stoppered conical tubes in a total volume of 0.37 ml 
Diglycerides were dissolved in ethanol at a concentration of 4 
umoles per ml. If necessary to solubilize the diglyceride, th 
ethanol solution was warmed to 50° just before its use in a| 
experiment. With a Hamilton microsyringe 0.02 ml of thi 
ethanol solution was injected rapidly into the aqueous portion ¢ 
the incubation mixture. This created an apparently unifom 
fine dispersion of the diglyceride. 

The incubation was terminated by the addition of 15 ml ofa 
solution containing isooctane, isopropanol, and 1 Nn_ H,S0, 
(10:40:1) (9). The mixture was allowed to stand for 30 minute 
at room temperature. Two phases were then formed by th 
addition of 9 ml of isooctane and 6 ml of water (9). After shak- 
ing, the infranatant solution was discarded and the supernatant 
solution washed with 10 ml of 0.05 n NaOH in 50% ethanol ti! 
remove free fatty acids. The isooctane phase was then evap- 
rated to dryness and taken up in 15 ml of a solution of 2,5-- 
phenyloxazole in toluene (5 mg per ml). Radioactivity wa} 
assayed in a Packard Tri-Carb liquid scintillation spectrometer | 
Recovery of radioactive triglycerides with this extraction pro; 
cedure was better than 96%. 

Synthesis of Palmityl-CoA and Oleyl-CoA—Palmityl-CoA and 
oleyl-CoA were synthesized from the mixed anhydrides of the 
fatty acids by a modification of the method of thiol ester synthe 
sis described by Wieland and Rueff (10). 

To 6 ml of dry methylene chloride at room temperature wer | 
added 140 umoles (0.019 ml) of 2,4,6-trimethylpyridine and 14)| 
umoles (0.036 g) of palmitic acid. This solution was allowed ti | 
stand 10 minutes and then 140 umoles (0.014 ml) of ethy! chloro- 
formate were added in 2 ml of methylene chloride. After 1 how 
at room temperature the mixture was concentrated to dryness 0 
a rotary evaporator and 8 ml of freshly distilled tetrahydrofuran | 
(11) were added to dissolve the mixed anhydride. The yield d| 
mixed anhydride, assayed by hydroxamate (12) formation, was | 
95%. In order to obtain good yields of the mixed anhydrides it 
is necessary that all reagents be kept dry. Methylene chien 

j 





was stored over CaSO,-3 H,O (Drierite) and 2,4,6-trimethy! 
pyridine was distilled from BaO. 

Under argon, 100 mg of CoA (65 umoles of reduced CoA 
determined with a phosphotransacetylase assay (13)) were dis | 
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solved in 8 ml of water and the solution carefully adjusted to pH 
8 with 1 N NaOH. The tetrahydrofuran solution of the mixed 
anhydride was then added and the pH value kept at 8 by the 
further addition of 1 N NaOH. After 15 minutes the solution 
was acidified to pH 5 with 1% perchloric acid and most of the 
tetrahydrofuran was removed on a rotary evaporator. The 
predominantly aqueous solution (approximately 9 ml) was then 
acidified with 1 ml of 10% perchloric acid and the precipitate 
was collected by centrifugation at 15,000 x g for 10 minutes. 
The precipitate was washed with ether three times and stored. 
Yield was 40 umoles of ester as judged by hydroxamate formation 
(12). Only 51% of the hydroxamate-forming material repre- 
sented enzymatically active acyl-CoA (18). 

1-C™ fatty acyl-CoA derivatives were dissolved in water at pH 
4 to 5 and extracted repeatedly with twice the volume of ether 
until the radioactivity in the ether washes was negligible. Ether 
was then removed from the acyl-CoA solution under a jet of 
nitrogen. Solutions were adjusted to a concentration of 100 
umoles of hydroxamate-forming ester per ml. This represented 
51 moles per ml of enzymatically active CoA thiol ester and this 
latter figure was used as the basis for calibrating the acyl-CoA 
used in the experiments. 

The oleyl-CoA made by the above procedure was converted to 
olehydroxamate (12) and analyzed by gas-liquid chromatog- 
raphy (14). Ninety-nine per cent of the hydroxamate product 
had the same retention time as authentic olehydroxamate. 

We are indebted to Dr. Erich Baer for the gift of p-a-oleyl- 
-stearyl glyceride and p-a-stearyl-8-oleyl glyceride and to Dr. 
F. H. Mattson for the gift of pL-a,6-dioleyl glyceride, a,a’- 
dioleyl glyceride, pt-a-oleyl-8-palmityl glyceride, and DL-a- 
palmityl-6-oleyl glyceride. pu-a,8-Dipalmityl glyceride and 
pL-a ,8-dimyristyl glyceride were synthesized by the method of 
Howe and Malkin (15). Coenzyme A was obtained from Pabst 
Laboratories and palmitic and oleic acids from the Hormel 
Foundation. Palmitic acid-1-C™ was obtained from Nuclear- 
Chicago Corporation and oleic acid-1-C"* from Volk Radio-Chem- 
ical Company. 


RESULTS 


Enzyme Concentration Curve—Fig. 1 shows the effect of in- 
creasing concentration of enzyme on triglyceride synthesis with 
pi-a,8-dioleyl glyceride and 1-C"-palmityl-CoA as substrates. 
The curve is linear up to 0.25 mg of protein, Hence, in subse- 
quent studies with this batch of enzyme, 0.20 mg was used in 
each incubation. For each batch of enzyme a similar curve was 
obtained with the same substrates (which, as can be seen from 
Table II give maximal triglyceride synthesis); an amount of en- 
zyme was selected for subsequent incubations which would 
assure operation over the linear portion of the enzyme concentra- 
tion curve. There was general uniformity in the amount of pro- 
tein needed to meet this requirement in different enzyme prep- 
arations. Enzyme concentration curves with other diglycerides 
(DL-a-palmityl-8-oleyl glyceride and pL-a-oleyl-8-palmity! glyc- 
eride) with both acyl-CoA compounds were similarly linear up 
to approximately 0.25 mg of protein. 

Requirements for Triglyceride Synthesis—Table I shows that 
synthesis of triglyceride from 1-C'-palmityl-CoA is greatly 
stimulated by the addition of a synthetic diglyceride. Triglye- 
eride synthesis in the absence of added diglyceride could not be 
reduced by washing or dialyzing the enzymatic particles and is 
presumably due to tightly bound substrate. For this reason a 
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Fig. 1. Triglyceride synthesis as a function of enzyme concen- 
tration. Each tube contained 25 wmoles of Tris-HCl buffer of 
pH 8.0, 5.1 mymoles of 1-C™ palmityl-CoA, and the amount of 
protein as shown in 0.35 ml. To this was added 0.02 ml of ethanol 
containing 0.8 umole of DL-a,f-dioleyl glyceride as described in 
7 Procedure.’’ Incubation was for 10 minutes at 


TABLE I 
Dependence of triglyceride synthesis on added a,8-diglyceride 


Complete system was as described in Fig. 1 with 0.2 mg of en- 
zyme protein; 5.1 mumoles of 1-C'4-palmityl-CoA contained 5100 








c.p.m. Incubation time, 10 minutes. 
Incubation mixture Triglyceride 
c.p.m. 
COMAIOUS BRU ONO ooo: s'5:n ca acecmnearonn aaecne 4381 
Complete system minus diglyceride........ 843 
Complete system minus diglyceride and 
SONMTORINIIE «5's a0. 50 Scns ose cesar 820 








control incubation without added diglyceride was always in- 
cluded and corrected for in the experiments described below. 
No triglyceride synthesis occurred when boiled enzyme was used 
nor when free palmitate was substituted for palmityl-CoA. 

Identification of Triglycerides—The neutral lipids were sub- 
jected to silicic acid chromatography according to the method of 
Borgstrém (16). Ninety-six per cent of the diglyceride-de- 
pendent radioactivity was found in the triglyceride fraction. 
Less than 2% of the radioactivity was in the diglyceride fraction, 
indicating a diglyceride-dependent triglyceride synthesis in this 
system. 

pH Curve and Time Course—Fig. 2 shows the effect of pH 
value on triglyceride synthesis. These data suggest that the pH 
optimum for oleic acid incorporation is higher than that for 
palmitic acid incorporation. The reaction proceeds at a con- 
stant rate for at least 15 minutes and then appears to stop 
abruptly (Fig. 3). At that time essentially all of the enzymat- 
ically active palmityl-CoA had disappeared. Seventy per cent 
had participated in the diglyceride-dependent triglyceride syn- 
thesis. The rest of the palmityl-CoA could be accounted for by 
the diglyceride-independent synthesis of triglyceride (Table I) 
and by the small deacylase activity. 

Substrate Specificity—Table II shows a summary of the relative 
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Fig. 2. Effect of pH value on triglyceride synthesis. Incuba- 
tion mixtures and conditions were as described in Fig. 1 with 0.2 
mg of enzyme protein and either 5.1 mumoles of palmityl-CoA or 
5.1 myumoles of oleyl-CoA. The pH value was varied with Tris- 
HCl buffers and determinations of pH as shown were made on the 
incubation mixture. 
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Fig. 3. Time course of triglyceride synthesis. Incubation mix- 
ture and conditions were the same as in Fig. 1 with 0.2 mg of en- 
zyme protein. Time of incubation was varied as shown. 


effectiveness of the various synthetic diglycerides in stimulating 
triglyceride synthesis. pDt-a,8-Dimyristyl glyceride is a more 
effective substrate than pi-a,8-dipalmityl glyceride. There is 
evidence (3) that in a particulate chicken liver system the p-di- 
glyceride is a more effective substrate than the racemic mixture. 
Despite this, the racemic, mixed diglycerides containing palmitate 
tend to be better substrates than the analogous D isomers con- 
taining stearate, e.g. pDL-a-oleyl-G-palmityl glyceride versus 
p-a-oley|-8-stearyl glyceride and pi-a-palmityl-G-oleyl glyceride 
versus D-a-stearyl-8-oleyl glyceride. Consideration of all di- 
glycerides containing a saturated fatty acid indicates that they 
are more reactive than the analogous diglyceride in which the 
saturated fatty acid is 2 carbon atoms longer (p < 0.05). 

A comparison of the reactions of all the diglycerides of Table 
II reveals that palmityl-CoA is a better acyl donor than oleyl- 
CoA (p < 0.05). The only exception to this generalization and 
to the one above occurs from the reaction of oleyl-CoA with p-a- 
oleyl-8-stearyl glyceride. In general, the best substrates are 
a,B-diglycerides with at least one unsaturated fatty acid re- 
gardless of the position of the unsaturated fatty acid, e.g. DL-a ,B- 
dipalmityl glyceride in comparison with either pt-a-oleyl-8- 
palmityl glyceride or pL-a-palmityl-8-oleyl glyceride. Although 
DL-a@ ,8-dioley] glyceride is the best diglyceride substrate, a,a’- 
dioleyl glyceride is not an acceptor for either oleyl-CoA or 
palmityl-CoA. 


TaBLe II 


Relative effectiveness of diglyceride and acyl-CoA 
substrates in triglyceride synthesis 


Incubation conditions were as described in Fig. 1 except that | 


diglycerides and acyl-CoA substrates were varied as shown, 
Each diglyceride and acyl-CoA combination was studied in paired 
incubations with four separate enzyme preparations assayed a3 
described under the heading ‘‘Enzyme Concentration Curve.” 
For each enzyme, the combination of substrates most effective in 
triglyceride synthesis was assigned the value 100% and the ethanol 
blank without added diglyceride was called 0%. Other combina. 
tions of acyl-CoA and diglyceride were then arranged according 
to relative triglyceride synthesis on this scale. 





Triglyceride synthesized 


1-C'*-palmityl-CoAl| 1-C'4-oleyl-CoA 





Diglyceride substrate added 





| 














| Standard] Standard 

% error of | % error of 

| mean mean 
DL-a,8-Dimyristyl glyceride.......| 49 4 | 33 | 4 
DL-a,8-Dipalmityl glyceride...... 10 3 1 | 1 
DL-a-Oleyl-8-palmityl glyceride 2 9 | 63 2 
DL-a-Palmityl-8-oleyl glyceride 84 | 8 | 53 7 
D-a-Oleyl-8-stearyl glyceride......| 39 « | i) 
D-a-Stearyl-8-oleyl glyceride 41 7 | 58 | 38 
DL-a,8-Dioleyl glyceride. ... 100 > | get @ 
DL-a,a’-Dioleyl glyceride ; 0 3 0 3 





* From the four experiments. 


DISCUSSION 

A particulate enzyme system in chicken fat has been found to 
possess a broad range of substrate specificity in the synthesis of 
triglycerides from acyl-CoA and various diglycerides. The sys- 
tem studied may contain several different enzymes each of which 
is more specific than the particles as a whole. Nevertheless, 
certain conclusions can be drawn regarding the enzyme system. 
The ineffectiveness of the a,a’-diglyceride as compared with the 
a,8-diglyceride supports the belief that a ,8-diglycerides are the 
immediate precursors of the triglycerides synthesized in adipose 
tissue. The relatively broad substrate specificity for the a,6- 
diglycerides is consistent also with nutritional experiments in 
which the depot triglycerides of animals can be considerably 
altered by varying the composition of the fatty acids in the diet 
(17). 

The study of enzyme specificity toward diglycerides is compli- 
cated by the insolubility of the diglycerides in water. In these 
experiments an emulsion of diglyceride was formed in the aqueous 
reaction mixture by a mechanical method. To some extent the 
enzyme specificity observed toward the various diglycerides may 
have been determined by the water solubility or the emulsion 
particle size of the diglyceride. The greater reactivity of the 
diglycerides with shorter chain fatty acids or with at least one 





unsaturated fatty acid might be expected from these physical 
factors. To some extent, however, these physical factors must | 


play a role in vivo. The emulsions prepared by this technique 
lead to fairly reproducible triglyceride synthesis from diglyceride 
and none of the results obtained is inconsistent with known data 
on triglyceride synthesis. 

It is clear that the generalizations on enzyme specificity arising 
out of this study are inadequate by themselves to explain the 
composition of depot triglycerides. Such composition obviously 
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will be influenced by dietary factors and the speciticity of other 
enzymatic systems concerned with fatty acid and diglyceride 
synthesis. 


SUMMARY 


1. A particulate enzyme system obtained from chicken adipose 
tissue catalyzes the formation of a triglyceride from a diglyceride 
and either a saturated or an unsaturated acyl coenzyme A. 

2. A study of substrate specificity as revealed by relative reac- 
tion rates indicates that: 

Diglycerides containing myristate were more active than those 
containing palmitate which in turn were more reactive than those 
containing stearate. 

Palmityl coenzyme A is generally more reactive than oley! co- 
enzyme A. 

a,8-Diglycerides with at least one unsaturated fatty acid are 
more reactive, in general, than saturated diglycerides. The posi- 
tion of the unsaturated fatty acid is of little significance. 

An a,a’-diglyceride was unreactive whereas all a,{-diglyc- 
erides studied were reactive. 

3. A nonenzymatic synthesis for palmityl coenzyme A and 
oleyl coenzyme A is described in which the yield is relatively high 
with respect to both coenzyme A and the fatty acid. 


Acknowledgments—We wish to thank Dr. Daniel Steinberg for 
helpful discussion and encouragement and to express gratitude 
to Drs. Hewitt G. Fletcher, Jr. and Harry B. Wood, Jr. for 
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making their laboratories and guidance available for the organic 
chemical syntheses. 
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We have recently reported (1) that 13a-hydroxy-13, 17-seco- 
androsta-1 ,4-diene-17-oic acid-3-one, lactone (A!-testololactone) 
(2) produces objective regression in advanced breast cancer 
despite its lack of hormonal activity (3). It was, therefore, 
deemed of importance to investigate the urinary metabolites of 
this substance in human subjects. 

A 45-day urine specimen was collected from a patient given 
100 mg of A!-testololactone intramuscularly three times weekly. 
The urine was adjusted to pH_ 1 and extracted with chloroform. 
The chloroform extract was washed three times with 1 Nn NaOH, 
three times with water, and then evaporated to dryness in a 
vacuum. The resulting dry residue was taken up in 30% aque- 
ous ethanol and washed with petroleum ether. The ethanol- 
water solution was concentrated under reduced pressure, and the 
remaining aqueous phase was extracted with chloroform. The 
chloroform was distilled off under reduced pressure, and the dry 
residue obtained was chromatographed on 64 g of silica gel with 
graded petroleum ether-chloroform and chloroform-ethanol elu- 
tion. The oily material eluted with pure chloroform was re- 
chromatographed on 2.5 g of silica gel prepared in a petroleum 
ether-chloroform (1:1) mixture. Semicrystalline material was 
obtained in the petroleum ether-chloroform (1:3) eluates. This 
semicrystalline material was rechromatographed on 1 g of silica 
gel as before, and crystalline material was obtained in the pe- 
troleum ether-chloroform (1:3) eluates. These eluates were 
combined, evaporated, and the resulting material recrystallized 
from acetone-hexane to a constant melting point of 233-235°. 
The infrared spectrum of this material indicated the presence 
of a hydroxy] group (2.92 ) and of the unchanged lactone group- 
ing in ring D (5.83 uw), and there was no selective absorption in 
the ultraviolet range. Oxidation of this substance with chromic 
acid in acetone furnished 13a-hydroxy-13 , 17-seco-58-androsta- 
1-ene-17-oic acid-3-one, lactone (4,58-dihydro-A!-testololactone), 
m.p. 242-243°, so designated because of its ultraviolet absorption 
maximum at 228 my (e = 8600), its infrared bands at 5.82 u 
(lactone) and 6.98 yw (A'-3-ketone), and its conversion by cata- 
lytic reduction with 5% Pd on charcoal in ethanol to the known 
13a-hydroxy-13, 17-seco-58-androstane-17-oic acid-3-one, lactone, 
m.p. 200-201° (2). Our metabolite is, therefore, either the 
3a- or 36-epimer of 3, 13a-dihydroxy-13 , 17-seco-58-androsta-1- 
ene-17-oic acid-3-one, lactone (Fig. 1). The 3a configuration 
for this substance was proved through the courtesy of Dr. P. 
Talalay of the Ben May Laboratory for Cancer Research, who 
treated the metabolite with both the a- and 6-steroid dehydro- 
genase from Pseudomonas testosteroni (4) and found that only 
the former effected dehydrogenation of the substrate. 

A second substance was obtained from the 0.5% ethanol 
eluates. This material after recrystallization from acetone- 
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hexane melted at 217-219° and was identified as A!-testololactone 
by mixture melting point, infrared spectra, and paper chroma. 
tography. 

A 10-day urine specimen was collected from another patient 
given daily doses of 150 mg of A!-testololactone orally. 


studies. The remaining urinary conjugates were hydrolyzed 
with bacterial 8-glucuronidase and extracted with chloroform 
at pH 6. The chloroform extract was partitioned as mentioned 
before, and the resulting residue from the aqueous ethanol por. 
tion was chromatographed on 50 g of silica gel with the eluting 
systems described above. 


The 1% ethanol eluates on evaporation produced semicrystal- | 


line fractions, which were combined and rechromatographed on 
2.5 g of silica gel. Crystalline material was obtained from the 
chloroform eluates which after recrystallization from acetone. 
hexane yielded 32 mg of 3a,13a-dihydroxy-13 , 17-seco-5é- 
androsta-1l-ene-17-oic acid, lactone (Fig. 1). 

The preferential reduction of the A'4-3-keto system at pos: 
tions 4 and 5 had been observed previously by Caspi and Pechet 


5) who isolate (a@,2\-dihydroxy-A’-pregnene-s, 11 ,20-trione § 
(5) who isolated 17a,21-dihydroxy-A'-preg 3,11, 20-tri 


as one of the metabolites of prednisolone. The reduction to the 
A!-3a-ol system described in this paper has not been previously 
observed. 

SUMMARY 


Among the urinary metabolites of 13a-hydroxy-13, 17-seco- 
androsta-1 ,4-diene-17-oic acid-3-one lactone (A!-testololactone) 
administered to human subjects was found, in addition to u- 
changed A\'-testololactone, 3a, 13a-dihydroxy-13 , 17-seco-56- 
androsta-l-ene-17-oic acid lactone (Fig. 1), the latter both in 
the free form and as the glucuronide. 
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A factor has been shown to occur in plasma (2-4) that converts 
a loosely cross-linked, soluble fibrin clot (fibrin s) into a tough, 
insoluble gel (fibrin 7). This factor is nondialyzable, heat-labile, 
and requires calcium for its activity. Itis inhibited by sulfhydryl 
reagents (5), and it was suggested by Loewy and Edsall (5) that 
a disulfide exchange mechanism (6) might be involved in the 
formation of the insoluble clot. 

Two divergent views have recently developed concerning the 
mechanism of the factor-fibrin interaction. Lorand e¢ al. (7, 8), 
basing their view on the low specific activities of their factor 
preparations and on the observation that the amount of insoluble 
fibrin formed depends, in part, on the ratio of factor to fibrinogen, 
concluded that the factor is a copolymer of the fibrin monomer in 
the formation of fibrin. Our own view is based on the measure- 
ment of considerably higher specific activities (1) and has 
favored an enzymatic mechanism for the action of this factor. 

One difficulty in deciding between these two alternative 
mechanisms of action was that the purity of the fibrinogen used 
was open to doubt. Thus, Loewy and Edsall (5) reported that 
their fibrinogen preparations could be converted in the presence 
of cysteine and calcium ions into fibrin 7. Lorand and Jacobsen 
(7), on the other hand, found that their heat-treated fibrinogen 
would no longer respond to the action of cysteine and that it 
required the addition of relatively large amounts of their factor 
preparation to be converted into fibrin 7. The measurement of 
high specific activities is generally considered to be more sig- 
nificant than the observation of low specific activities; it was 
nevertheless conceivable that our high specific activities could be 
attributed to the reactivation by the factor of an inactive 
Thus, 
to resolve this controversy, it was necessary not only to purify 
the factor, but also to prepare a fibrinogen fraction that could 
not be converted into fibrin 7 by cysteine. 

This study will show that the above requirements can now be 
met, and that with these new materials high specific activities 
are observed. It will describe methods by which both fibrinogen 
and the factor can be prepared in pure form and will present 
evidence upon which these judgments of purity are based. 

In view of its enzymatic nature, we propose to name this 
factor fibrinase.! 


*This work has been supported by grants from the National 
Heart Institute and the National Science Foundation. A pre- 
liminary account has been presented (1). 

1 This factor has been previously named ‘‘Laki-Lorand factor’’ 
by Loewy and Edsall (5) and ‘‘fibrin-stabilizing factor (FSF)’’ by 
Lorand and Jacobsen (7). 


EXPERIMENTAL PROCEDURE 


Measurement of Fibrinase Activity—Two methods for measur- 
ing fibrinase activity were used. Method A was designed to 
measure the specific activity of fibrinase preparations under 
standard conditions, and Method B was used to detect small 
traces of fibrinase found as a contaminant in fibrinogen prepara- 
tions. All absorbancy measurements (A) of protein solutions 
were made at 280 mu. 

Method A. The specific activity of fibrinase preparations was 
measured by finding the lowest amount of protein capable of 
forming an insoluble clot. The incubation mixture (total 
volume, 0.21 ml) consisted of (a) 0.1 ml of fibrinogen (2 mg per 
ml; A = 3.2), free of traces of fibrinase activity as defined by 
the test described below, dissolved in 0.15 M ammonium acetate, 
pH 7.0; (6) 0.1 ml of fibrinase diluted in 0.15 m KCl in the pres- 
ence or absence of 0.01 m cysteine at pH 7; (c) 0.01 ml of throm- 
bin (50 units per ml) in 0.15 m KCl and 0.1 m CaCl. The 
incubation time was 1 hour unless stated otherwise. Clot 
solubility was tested by adding 2 ml of 2% acetic acid; the clot 
was then detached from the bottom of the test tube with a fine 
metal spatula and incubated in the solvent for 18 hours. This 
test was performed over a range of 2-fold dilutions of fibrinase, 
and the highest dilution of fibrinase capable of forming a clot 
that was still visible after 18 hours of incubation in solvent was 
noted. It has been observed (5) that the transition from a clot 
maintaining its size and shape to one disappearing entirely in 
the solvent is a sharp one, occurring from one dilution step to 
the next. This facilitates the determination of an end point. 
The highest dilution of fibrinase capable of forming an insoluble 
clot under the conditions described above is defined as containing 
1 unit of fibrinase per ml. Thus, if a certain fibrinase prepara- 
tion can be diluted to 1:200 and still gives an insoluble clot, 
but cannot do so at 1:400, then the undiluted fibrinase prepara- 
tion is designated as containing 200 units of fibrinase per ml. 

The human thrombin used throughout these experiments, 
except when stated otherwise, was a freeze-dried preparation 
containing 22 units per mg of protein. It was dissolved to a 
concentration of 500 units per ml in a solvent composed of 
glycerol-0.15 m KCl (60:40 by volume) and stored in this form 
at —10°. This initially cloudy stock solution cleared when 
stored in the cold, as a sediment settled out. The specific ac- 
tivity of the clear supernatant solution was 100 to 200 units per 
mg of protein. 

Protein nitrogen was determined by a Nessler procedure (9). 
The absorbancy index (in which C = milligrams of N per ml x 
6.25 = milligrams of protein per ml) of the various fractions was 
measured at 280 my (Table II). The following average values 
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TABLE I 
Estimation of traces of fibrinase activity in fibrinogen fractions 





Iincubation for 1 hour lncubation for 6 henaeniiation for 18 hours 








Approx- | 
fae: ("imate | | | ——- 
yield | Without With Without With | Without | With 
| cysteine | cysteine* | cysteine | cysteine | cysteine | cysteine 
a | | | Ties 
% | | 
6 | 816} Of +} + * | * + 
7 |48 0 0 0 ~ + + 
8 |24] 0 0 4 4-8 + 
9 1-2 | 0 | 0 0 0 | 0 0 
| | | 





* Cysteine, 5 X 10-* M, was used. 
+ ‘0’? means no visible clot present. 
t ‘‘+’’ means presence of visible clot. 


based on two additional fractionations were used in our calcula- 
tions: Fraction 5, 13.6; Peak 4 eluate, 18.3; fibrinogen (Fractions 
7, 8, and 9), 15.9. 

Clottable protein was determined by the method of Laki (10) 
from the ultraviolet absorption of fibrinogen and synerate at 280 
muy. 
Method B. Traces of fibrinase that contaminated fibrinogen 
in amounts too small to be measured by the method described 
above were detected by clotting 0.2 ml of fibrinogen (A = 1.6) 
under the conditions of pH, ionic strength, and thrombin already 
indicated. Criteria of different degrees of stringency were 
established for detection of traces of fibrinase activity, ranging 
from 1 hour of incubation time in the absence of cysteine to 18 
hours of incubation time in the presence of 0.05 m cysteine 
protected from rapid oxidation by a layer of mineral oil (Table 
I). For routine fibrinase determinations, a fibrinogen substrate 
giving a soluble clot after incubation for 6 hours in the pres- 
ence of 0.005 m cysteine was considered to be of satisfactory 
purity. 

Purification of Fibrinogen—lIt is difficult to obtain fibrinase-free 
fibrinogen because the solubility properties of the two are so 
similar. Whereas fibrinogen-free fibrinase can be prepared by 
selective heat denaturation of the fibrinogen, no such con- 
venient procedure has so far been developed for the preparation 
of fibrinase-free fibrinogen. It was, therefore, necessary to 
utilize a method involving repeated fractional ammonium 
sulfate precipitations. The method is unfortunately tedious 
and gives low yields. Fig. 1, a flow sheet of the steps involved 
in the preparation of both fibrinogen and fibrinase, shows how 
both purified products can be obtained from the same starting 
material. 

Outdated human blood? containing the usual anticoagulant 
mixture (acid-citrate-dextrose solution), is allowed to settle for 
2 days at 4°, whereupon the supernatant plasma is removed by 
aspiration. In most instances, fractionations were started with 
6 to 12 liters of plasma. 

Fraction 1—Ammonium sulfate saturated at room tempera- 
ture, and adjusted to pH 7.0 with concentrated NH,OH, is added 
slowly to the plasma with constant stirring, to an ammonium 


2 We are grateful to Dr. Fred Karush for his efforts on our behalf 
in obtaining large quantities of human blood and for much useful 
advice. The blood was collected by the American Red Cross. 

’The pH of ammonium sulfate was always adjusted with the 
saturated solution before fractionation. The pH of the mixture 
during precipitation was measured, and slight deviations from the 
desired pH were eliminated by adding 1.0 n HCl or NaOH. 
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sulfate concentration of 20°% saturation. The resulting mixture 
is stirred for a minimum of 2 hours at 4°. The suspension is then 
centrifuged in a Servall continuous flow centrifuge, and the 
precipitate is redissolved in 1:10 plasma volume of 0.15 m KC], 

Fraction 2—Fraction 1 is adjusted to pH 5.4 with 1 n Hq 
after which saturated ammonium sulfate, previously adjusted 
to pH 5.4, is added with constant stirring to a concentration of 
16% saturation. The resulting mixture is stirred for 1 hour at 
4° and then centrifuged, and the precipitate is redissolved to 1:2) 
plasma volume with 0.5m KCl. The process can be speeded up 
considerably by slicing this rubbery, low pH precipitate into 
small pieces and by repeated adjustments to pH 7.0 under 
constant stirring. 

Fractions 3 and 6—Fraction 2 is precipitated by the addition 
of saturated ammonium sulfate at pH 7.0 to a final concentra. 
tion of 16% saturation, and the resulting mixture is again 
equilibrated for 1 hour at 4°. The precipitate is centrifuged 


and redissolved to 1:50 plasma volume with 0.15 m KCl and 


used as the starting material for the purification of fibrinase 
(Fraction 3). 


y 


7 
Fraction 7—The supernatant of Fraction 3 (Fraction 6) is § 


precipitated at pH 7.0 with 23% saturation ammonium sulfate, 
equilibrated for 1 hour at 4°, centrifuged, and redissolved to 
1:40 plasma volume with 0.15 m KCl. 

The fractionation can be stopped at this point, for it usually 
yields a preparation of fibrinogen which, if clotted in the presence 
of calcium and incubated for 1 hour, forms a clot which is soluble 
in 5 M urea or 2% acetic acid. As a rule, Fraction 7 forms an 
insoluble clot in the presence of cysteine after 1 hour of incuha- 
tion or in the absence of cysteine after 6 to 8 hours of incubation, 

Fractions 8 and 9—Further reductions in fibrinase activity can 
be achieved by one or possibly two repetitions of the fractional 
precipitation procedure used for the preparation of Fraction 7, 


in which the 16% saturation ammonium sulfate fraction is H 


discarded, and the more soluble portion of the fibrinogen fraction 
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Fic. 1. Flow sheet diagram of the fractionation of pure fibrinase 
and fibrinogen free of fibrinase contamination with use of the same 
batch of human plasma as starting material. Double vertical lines, 
precipitates; single vertical lines, supernatants. 
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TABLE II 
Analytical data on fibrinase fractionation 
Fraction Conditions of fractionation | pH pe edly Activity* — —— heme in wean Purification | a 
ore | | ml units/ml mg N/ml units/mg N | | 
Plasma | 6,450 20 | 9.40 129,000 2.1 | t | 96 
1 | Precipitate 20% saturated 7.0 | 695 20 2.30 139 ,000 87 | 42 13.4 
ammonium sulfate | i 
2 | Precipitate 16% saturated | 5.4 | 345 300 1.60 103 ,500 190 9 | 14.9 
ammonium sulfate | | | 
3 Precipitate 16% saturated 7.0 | 173 600 2.10 103,800 | 290 | 138 | 16.4 
ammonium sulfate | | 
4 | Supernatant heated to 56° for 3 | 154 600 0.13 92,400 | 4,600 | 2,200 | 12.3 
minutes | | 
5 | Precipitate 36% saturated 70. |} 5 15,000 | 1.17 90 ,000 13,000 | 6,200 13.4 





| ammonium sulfate 
i 








* Since activity is measured by a 2-fold dilution series, one can expect as much as a 450% error in the measurement of units of 


fibrinase activity. 


| 





+ C = milligrams of N per ml X 6.25 = milligrams of protein per ml. 


is precipitated at 23% saturation. Fraction 8 is redissolved in 
1:100 plasma volume and Fraction 9 in 1:200 plasma volume. 
After the step at which the fractionation is stopped, ammonium 
sulfate is removed, and the fibrinogen is prepared for storage by 
adding solid potassium chloride slowly with constant stirring to 
a final concentration of 3 M, centrifuging the precipitate, and 
redissolving it in 0.15 M ammonium acetate to an absorbancy of 
15.9, followed by overnight dialysis in 500 volumes of the same 
solution. This 1% fibrinogen solution is divided into 1 ml 
aliquots and stored in the frozen state. When needed for 
measuring fibrinase activity, it is melted and diluted 5-fold by 
the addition of 4 ml of 0.15 M ammonium acetate. Table I 
shows the percentage of yield usually obtained and the fibrinase 
activity normally found in Fractions 6, 7,8, and 9. The results 
listed are only indicative of a general trend. On occasion, ab- 
sence of all traces of fibrinase by the most stringent criteria could 
be achieved in Fraction 7, and in very few cases Fraction 9 still 
showed traces of fibrinase activity. 

Purification of Fibrinase—Fraction 3 is used as the starting 
material for the purification of fibrinase. 

Fraction 4—Fraction 3 is heat-treated by maintaining it at a 
temperature of 56° for 3 minutes. An Erlenmeyer flask with a 
volume 10 times that of the preparation to be heat-treated is used 
and a thermometer is placed in the solution. Temperature is 
rapidly raised to 56° by immersion with rapid agitation in a 
water bath at 80°. A massive, rubbery precipitate appears 
between 54 and 56°, and care must be taken to remove this 
precipitate from the heat-sensitive portion of the thermometer. 
A temperature of 56° is maintained for 3 minutes by periodic 
immersions of the agitated solution in the 80° water bath. The 
solution is then rapidly cooled to 4° in an ice water bath. The 
supernatant is separated from the heat-denatured fibrinogen by 
filtration through a funnel containing a small wad of cheesecloth. 

Fraction 5—Fraction 4 is reprecipitated by the addition of 
ammonium sulfate at pH 7.0 to a concentration of 36% satura- 
tion. The resulting mixture is stirred for 1 hour at 4° and 
centrifuged. The precipitate is redissolved in 1:1000 plasma 
volume of 0.1 mM potassium phosphate buffer, pH 7.0, dialyzed 
against 100 volumes of 0.1 mM potassium phosphate buffer, pH 
7.0, for 18 hours, centrifuged, and stored at 4°. Fraction 5, our 
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“crude fibrinase” fraction, has been found to maintain its specific 
activity for at least 2 months. Subsequent decreases in specific 
activity could generally be counteracted by the addition of 
cysteine to the clotting mixture. Complete analytical data were 
kept for 8 of the 22 fractionations performed. Table II lists 
representative results obtained with one of these fractionations. 
Both a high yield (70%) and a high degree of purification (6200 
times) can be achieved by this procedure. 

Peak 4 Eluate—The final step in purification is carried out on a 
DEAE-cellulose* column (11) packed by gravity into a 40- x 1- 
em column. The column is washed at a flow rate of 40 to 60 ml 
per hour with 0.01 m potassium phosphate buffer, pH 7.0, for 
18 hours. Fraction 5 (15 to 60 mg of protein), previously dia- 
lyzed against 1000 volumes of 0.01 m phosphate buffer, pH 7.0, is 
applied to the column, which is then washed with 90 to 160 ml 
of 0.01 mM potassium phosphate buffer, pH 7.0. 

A gradient elution experiment is first performed in which the 
phosphate buffer concentration is raised to 0.1 M at constant pH. 
The phosphate concentrations at which the various peaks ob- 
tained were eluted are determined by direct measurement. 

These concentrations are then used to devise a batch elution 
schedule that greatly increases the resolution of the column and 
also makes it possible to prepare fibrinase eluates of high con- 
centration (Fig. 2). A Fraction 5 preparation, dialyzed in 0.01 
mM phosphate buffer, is applied to the column, which is washed 
with 0.01 m and then with 0.055 m buffer. The fibrinase is 
finally eluted with 0.2 m buffer. Table III, a balance sheet of the 
analytical data from this chromatographic experiment, shows 
that fibrinase activity is restricted to Peak 4, which contains 
96% of the activity applied to the column. The specific activity 
is increased by a factor of 1.4, yielding an over-all purification 
over plasma of 8000 times, with a recovery of 65% of the fibrin- 
ase content of the original plasma. 

Preparation of Sera—A variety of sera were prepared during 
the course of this work and tested against our fibrinogen and 


4 The DEAE-cellulose was purchased from the Eastman Kodak 
Company. No data on mesh size and ionizable group content 
were provided. A sample of DEAE-cellulose, given to us by Dr. 
Fred Karush, with a considerably lower mesh size (as judged by 
flow rate) gave very similar elution results. 
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DEAE-cellulose chromatogram of Fraction 5 with a 
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FG. 2. 
batch elution schedule and Ouchterlony experiment. Fraction 5 
(14 ml, A 10.8) in 0.01 M potassium phosphate buffer, pH 7.0, 
was applied to column (1 X 45 cm; flow rate, 5 ml per hour; 4 ml 
fractions), washed with 0.01 m buffer and eluted with 0.055 m and 
0.2 m buffer, all at constant pH. Numbers in Ouchterlony experi 
ment represent fraction numbers. 


TaBLe III 
Analytical data on chromatographic purification 


of fibrinase in Fig. 3 


Fibrinase 
activity 


Specific 


Material activity 


Total absorbancy 


unils/mg 


AX ml q units/ml protein N 

Plasma 40 4.5* 
Fraction 5, crude fibrin- 

ase 151.2 100 16,000 26,000 
Peak 1 26.1 17.3 0 0 
Peak 2 9.5 6.3 0 0 
Peak 3 14.7 9.7 0 0 
Peak 4 

Whole peak 94.8 62.8 

Tube 98 4.97 16,000 | 36,000 
% Recovery 96.1 96 88 


* The specific activities reported here are approximately twice 
as high as those reported in Table Il. Fluctuations of this order 
of magnitude were sometimes encountered when different prepara- 
tions of fibrinogen were utilized for the assay of fibrinase activity. 
Because of this, the specific activities measured were always com- 
pared to those of plasma controls. If this is done, it can be seen 
that in terms of the increments of purification, the results of 
Table III are consistent with those of Table IT. 
fibrinase preparations. For brevity, we shall refer only to 
serum preparations 8, 10, and 18. 

Serum 8. Antiserum against pure fibrinogen was prepared by 
injecting a fibrinase-free fibrinogen preparation (Fraction 9), 
treated with alum (12), intravenously into the ear of a rabbit. 
Three injections (1.0, 0.8, and 1.5 ml) of a solution containing 24 
mg of protein per ml were made with 5-day intervals between 
injections. Fifty-five milliliters of serum were obtained from 
5 bleedings collected at 1-day intervals starting 12 days after the 
initial injection. All bleedings contained adequate titers of 


antifibrinogen antibodies and were therefore pooled. Since 
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thrombin interferes with immunological techniques involving 
fibrinogen, and since plasma containing fibrinogen gives poor 
precipitation bands in gel diffusion, we developed a method by 
which a ‘“‘pseudo-serum” free of thrombin and fibrinogen wag 
fabbit blood was at times collected from a sliced 
vein in the ear into a plastic centrifuge tube containing 2 ml of 
At 
other times, it was removed from the heart with a 50-ml syringe 
(2-inch, 18-gauge needle) containing 2 ml of 0.5 M sodium citrate, 


obtained. 


0.5 M sodium citrate, some 20 ml being collected at one time. 


The freshly obtained blood was equilibrated three times with 
one-third volume of solid barium sulfate which was removed by 
centrifugation. This treatment removes prothrombin (13) as 
The fibrinogen was then 
removed by heating the plasma to 56° for 3 minutes followed by 
rapid centrifugation. The “pseudo-sera” thus 
obtained were divided into 5 ml aliquots and stored in the frozen 
state. 
ing no trace of thrombin activity over the entire period. 
10. 
against fibrinogen, fibrinase and all the impurities removed during 


well as the formed elements of blood. 


cooling and 


They proved stable over 3 years of use and storage, show- 


Serum A “rich” serum designed to contain antibodies 
the fractionation, was prepared by injecting 2 ml of Fraction 1, 
followed 4 days later by 2 ml of Fraction 1, and after another 4 
All injee- 
tions were made subcutaneously with Freund’s adjuvant (14), 


days by 1 ml of Fraction 2 and 1 ml of Fraction 5. 


Seven bleedings were carried out at 1-day intervals starting 10 
days after the first injection. Bleedings 3 to 7 (140 ml), which 
were found to be high in antibody titer, were pooled after being 
converted to “pseudo-serum.”’ 

An antiserum against pure fibrinase was prepared 
by injecting subcutaneously in the presence of Freund’s adjuvant 
a total of 6 ml (1 mg of protein per ml) of Peak 4 eluate in three 
injections 4 days apart. 


Serum 18. 


Seven bleedings were collected at 10- 
day intervals starting 10 days after the initial injection, and 
were prepared as described above. All seven 
bleedings (150 ml) had a sufficiently high antibody titer to 
permit pooling. 


“‘pseudo-sera”’ 


In all cases, preimmunization bleedings were performed and 
were used as experimental controls or for the dilution of immune 
sera, 

Gel Diffusion—Two gel diffusion techniques were utilized. 

(a) The Preer double diffusion method (15) is a modification of 
the technique first described by Oakley and Fulthorpe (16). 
Pyrex tubes with an inside diameter of 1.8 to 2.0 mm were coated 
with a 0.1% agar solution, cut into 5-em lengths, and sealed with 
The bottom of such a tube was filled with 0.01 
to 0.02 ml of antiserum with a 0.25-ml syringe and a 2-inch, 26- 
gauge needle. Then 0.3% agar,® maintained at 50°, was care- 
fully layered until an agar column 3 to 4 mm high was formed. 
A third layer of 0.01 to 0.02 ml of antigen solution was placed on 
top of the agar column after the latter had been rapidly solidified 
by placing it for 15 minutes at 4°. The tube was then sealed 
with Pyseal® cement and placed in a horizontal position at 17°. 
Gel double diffusion experiments were carried out at a variety of 
antigen and antibody dilutions, and the formation of precipitin 
bands was observed each day both visually and, whenever 
Band positions were measured with 


flame at one end. 


necessary, photographically. 


5 The agar used was “Oxoid’”’ Iongar No. 2 and was obtained 
from the Consolidated Laboratories, Ine., Box 234, Chicago 
Heights, Illinois, and made up in 1:10,000 merthiolate-0.5 m gly- 
cine. 

6 Obtainable from the Fisher Scientific Company. 
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calipers (graduated to 0.1 mm) either directly or on the photo- 
graphs. The Preer double diffusion method was used (a) for 
detection of precipitin bands when high sensitivity was required 
and (b) for measurement of antigen and antibody concentrations. 
Equivalence positions were also measured and used for the 
determination of diffusion constants which will be reported in a 
later publication. The Preer double diffusion method has been 
shown to be very sensitive, being capable, for instance, of forming 
a visible band in the presence of 1 ug of N per ml of rabbit y2- 
globulin antigen (17). The presence of one or more bands in an 
antigen-antiserum system was detected by preparing diffusion 
tubes in duplicate over a range of antigen concentrations of 20 
mg to 4 wg of protein per ml, and over a range of serum concen- 
tration of 1 to #z. Antigen dilutions were made with 0.15 m 
KCl and sera were diluted either with preimmunization bleedings 
or with 39% sucrose. This was necessary in order to maintain the 
serum at a high specific gravity and achieve sharp layering of the 
agar above the serum. Antigen concentration was measured by 
a sequence of two experiments. (a) The equivalence ratio of a 
particular antigen-antibody system was determined by a “serial 
dilution” experiment in which first antigen and then antibody was 
diluted by a series of halvings in concentration. The equivalence 
ratio was estimated either by finding the tube in which the band 
in question was sharpest, or it was determined more precisely by 
measuring the position of the band on three successive days after 
the experiment was started. These results were plotted and the 
position of zero band migration which is the equivalence ratio of 
the particular antigen-antibody system was determined by 
extrapolation (15). (b) Once the equivalence ratio was de- 
termined, the amount of antigen could be determined by perform- 
ing a “constant ratio” dilution at the equivalence ratio of the 
system. Diffusion tubes were prepared in duplicate in which 
both antigen and antibody were diluted in 2-fold dilution steps, 
thus maintaining the equivalence ratio. The formation of bands 
was observed until no more change occurred, and the lowest 
antigen concentration at which a band still formed was noted. 
Since most antigens in the Preer double diffusion method give 
values somewhere between 3 and 9 wg of protein per ml, it is 
possible to estimate the approximate amount of antigen in a 
preparation as well as the approximate proportion of different 
antigens in a mixture. Once an antigen has been purified, the 
minimal concentration of this antigen necessary for the forma- 
tion of a visible band can be measured and subsequently used to 
estimate the amount of this antigen in mixtures (17). The anti- 
gen concentration at equivalence is used to characterize the titer 
of a given antibody in a particular serum preparation. 

(b) The Ouchterlony plate method was used for routine determi- 
nations requiring rapid nonquantitative answers and for the 
testing of homology between bands in different antigenic prepara- 
tions and sera (18, 19). Agar (0.6%) made up in 0.15 m NaCl 
solution containing 1:10,000 merthiolate and 0.5 m glycine were 
poured in Petri plates to a depth of 0.5 mm, allowed to solidify 
on a horizontal surface, and stored at 4° until ready for use. A 
variety of well patterns were used, most of them being cut with 
4 No. 1 cork borer at a distance of 3 to 4 mm between the nearest 
edges of the wells. 

Homologies between precipitating systems detected with the 
Ouchterlony plate method were checked by absorption experi- 
ments followed by further gel diffusion experiments with the 
supernatants obtained by absorption (20). 
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RESULTS 
Purity of Fibrinogen 

The criteria used to establish the absence of traces of fibrinase 
in our fibrinogen preparations have been described. The follow- 
ing experiments extend these criteria to a wider range of experi- 
mental conditions. 

Effect of Cysteine Concentration—Fractions 6, 7, and 8, which 
often require cysteine to form fibrin 7, were tested at a variety of 
cysteine concentrations. In all cases studied, no increase in 
fibrinase reactivation was observed above 0.0025 to 0.005 m 
cysteine. The reactivation of traces of fibrinase in these fibrino- 
gen fractions was studied by measuring the minimal time taken 
for the formation of fibrin 7 under the standard conditions de- 
scribed in “Experimental Procedure.” Six out of eight Fraction 
9 preparations of fibrinogen formed soluble fibrin even when 
incubated in 0.005 m cysteine for 18 hours and were used for 
the studies described below. 

Does Active Fibrinase Reactivate Inactive Fibrinase?—The 
high specific activities of our fibrinase fractions might be ex- 
plained by assuming that small amounts of active fibrinase have 
the ability to reactivate large amounts of inactive fibrinase 
present as a contaminant in the fibrinogen preparations. If one 
defines inactive fibrinase by the criterion of cysteine reactiva- 
tion, then it is clear that we are now able to subject this possi- 
bility to experimental investigation. A Fraction 7 preparation, 
containing fibrinase capable of being reactivated after clotting 
and incubation for 6 hours in 0.005 m cysteine, and a Fraction 9 
preparation, showing no traces of fibrinase activity, even after 
18 hours of incubation, were used. A part of the Fraction 7 
preparation was heated to 40° for 3 hours and thus rendered 
refractory to cysteine reactivation (7). Fraction 7, heat-treated 
Fraction 7, and Fraction 9 were compared in their ability to 
form insoluble clots. Table IV lists the minimal concentrations 
of a Peak 4 eluate fibrinase preparation capable of forming 
fibrin ¢ with these fractions at three different incubation times. 
The results show that: (a) active fibrinase does not reactivate 
the inactive form, because all three fibrinogen fractions are 
converted to fibrin 7 by identical amounts of fibrinase; (6) heat 
treatment under the above conditions does not permanently 
inactivate all the fibrinase capable of cysteine reactivation, a fact 
which we observed in other experiments; (c) Fraction 9 fibrinogen, 
which is free of fibrinase capable of being reactivated by cysteine, 
forms fibrin 7 at lower fibrinase concentrations in the presence of 


TaBLe IV 
Fibrinuse requirement for insoluble fibrin formation of various 
fibrinogen fractions 


Minimal concentration of fibrinase required 
to form fibrin i 
Presence or 
Incubation absence of 
time 5 xX 107-3 
M cysteine 


Fraction 7 
Fraction 9 


Not heat-treated Heat-treated 


hours mug protein/ml mpg protein/ml 
1 0 5.6 5.6 5.6 
a 0.7 1.4 5.6 
6 0 2.8 2.8 2.8 
+ + 0.7 1.4 
18 0 1.4 1.4 1.4 
+ ° 0.7 0.7 
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Fic. 3. Preer double diffusion experiments with fibrinase-rich 


Serial 
Measurement of band position 


fibrinogen (Fraction 3) and antifibrinase serum 18. A. 
dilution of Fraction 3 (A = 35.4). 


with time gave equivalence ratio at A = 6.7 with undiluted 
serum. 8B. Constant ratio dilution experiment with Fraction 3 
(A = 6.65), dilution limit for fibrinase-antifibrinase band is A = 
1.7 of Fraction 3. 


This fact can be 
most readily explained by assuming that cysteine protects the 
fibrinase which has been added. (d) The heat treatment used 
does not seem to render fibrinogen refractory to fibrin 7 forma- 
tion. - 


cysteine than does the cysteine-free control. 


Use of Pure Thrombin—An experiment was performed to 
determine whether, in the presence of thrombin of a high degree 
of purity, fibrinase would have the same high specific activities 
as observed with our crude human thrombin preparations. 
Lyophilized bovine thrombin (XE-64) with an activity of 2000 to 
3000 units per mg of protein, obtained from Drs. K. Laki and 
J. Gladner, was tested with Fraction 9 fibrinogen in the presence 
of 0.005 mM cysteine over 1- and 5-hour incubation times and 
compared with identical incubation mixtures clotted with our 
human thrombin preparation (100 to 200 units per mg of protein). 
The results of the experiment show that the kind of thrombin 
preparation used has no effect on the minimal amount of fibrinase 
needed to form fibrin 7. 

Immunological Studies of Fibrinogen Purity—Fraction 3, a 
fibrinase-rich preparation of fibrinogen, can be shown to cross- 
react with antifibrinase serum 18. Fig. 3 shows a few diffusion 
tubes of a serial dilution (A) and constant ratio dilution (B) 
experiment. The band positions were measured on the first, 
second, and fourth day, and the results were plotted (15), giving 
an equivalence concentration at an absorbancy of 6.7 for Fraction 
3. At this equivalence ratio, the lowest antigen concentration 
at which a visible band appeared was at A = 1.7. It is of 
interest to note that in this experiment it was possible to make 
measurements on a fibrinase-rich fibrinogen preparation in which 
the fibrinase antigen represented only about 1% of the protein 
present, an excellent example of the specificity of immunological 
reactions and of the experimental versatility made possible by 
this phenomenon. 
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Fraction 3 usually has a fibrinase content of 
200 to 300 units per mg of N so that a solution of A = 1.7 
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Thus, the measure. 
ment of | unit of fibrinase activity is some 30 to 50 times more 
sensitive than the detection of a fibrinase band in fibrinase-rich 
fibrinogen preparations by the Preer double diffusion method, 
Much smaller quantities can be detected by its enzymatic 
action but not measured. It is, therefore, not surprising that 
all fibrinase-free fibrinogen preparations proved to have no crogs- 
reactivity with antifibrinase serum 18 at very high antigen 
concentrations. On the other hand, all fibrinase preparations 
with an activity of more than 80 units per ml showed cross. 
reactivity with At low 
(A = 0.023) of fibrinase-rich fibrinogen, a band did appear 


will correspond to 30 to 50 units per ml. 


antifibrinase serum. concentrations 
This 
was visible, at constant ratio dilution, down to an absorbancy of 
0.012, which is the range of the minimal concentration at which 
the fibrinogen-antifibrinogen band will form. In the Ouchterlony 
plate, this band was homologous with the fibrinogen antifibrino- 
gen system, showing that our serum 18 contained traces of anti- 
fibrinogen antibody. 

Fraction 9 when diffused against “rich” serum 10 gives one 
single band over a range of antigen concentrations of A = 0.01- 
2.25 and serum dilutions of 1 to gy. Fig. 4 shows diffusion 
tubes close to the equivalence ratio of this system. Thus, 
Fraction 9 fibrinogen of A = 2.25 is free of all antigenic con- 
taminants of more than A = 0.012. This represents a purity of 
at least 99° which is in agreement with our clottable protein 
determinations on these fractions. 

Serum 8 prepared with our fibrinase-free fibrinogen (Fraction 
9) showed no detectable cross-reaction with Peak 4 fibrinase 
preparations. 
0.01 
Ouchterlony and Preer double diffusion systems. 


A wide range of antigen concentrations (A = 
to 5.0) and serum dilutions (1 to 3) were used in both 


Purity of Fibrinase 


Immunological Properties of DEAE-cellulose Eluates—Fig. 2 
shows an Ouchterlony plate in which fractions from the four 
peaks depicted in the chromatogram were tested against our 
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Fic. 4. Serial dilution of fibrinase-free fibrinogen (Fraction %: 





A = 2.25) against “‘rich’’ serum 10 in Preer double diffusion tubes, 
A, 1 day, B, 4 days after experiment began. Equivalence rati0 
was measured graphically to be at A = 0.56 of Fraction 9. Ne 


trace of fibrinase band was detected. 
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“rich” serum 10. In this experiment as well as in four similar 
elution schedules the following results were obtained: (a) Peaks 
i and 2, although composed of material capable of being pre- 
cipitated by trichloroacetic acid, are not antigenic against Serum 
10, (b) Peak 3 contains one antigenic component, (c) Peak 4 
contains two antigenic components, and (d) the single component 
in Peak 3 is homologous with the faster component in Peak 4. 
We shall call the slower and faster components in Peak 4 band | 
and band II, respectively. The single and double banded nature 
of Peak 3 and 4 eluates, respectively, was confirmed by a series 
of experiments with the more sensitive Preer double diffusion 
technique with antigen concentrations of A = 0.5 for Peak 3 
eluate and A = 5.9 for Peak 4 eluate (Fig. 5). The homology 
of Peak 3 antigen and band II antigen in Peak 4 was confirmed 
by an absorption experiment in which 0.5 ml of Serum 10 and 
0.5 ml of a Peak 3 antigen (A = 0.04) were mixed, incubated for 
| hour at 37°, kept for 24 hours at 4°, and finally centrifuged to 
remove the precipitate. The supernatant was tested against 
Peak 4 eluate by both the Preer and Ouchterlony (Fig. 6) methods 
with the appearance of only band I. This shows that it is 
possible to absorb anti-band II antibodies with Peak 3 antigen, 
thus demonstrating again that these two systems are indeed 
homologous. 

To summarize, (a) Peak 4 was the only eluate containing fibrin- 
ase activity, (b) no preparation was ever encountered showing 
band I which did not also have fibrinase activity, (c) all prepara- 
tions with fibrinase activity of more than 80 units per ml showed 
the presence of band I and (d) band I was the only band found 
in Peak 4 not also encountered in Peak 3. We therefore conclude 
that band I is formed by the active fibrinase antigen. This 
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Fic. 5. Serial dilution of Peak 3 and 4 eluates against antifibrin- 
ase serum 18 in Preer double diffusion tubes. Top, Peak 3 eluate, 
A = 0.5, equivalence ratio at A = 0.07 of antigen; bottom, Peak 4 
eluate, A = 5.9, equivalence ratios for band I, A = 0.5 — 0.25, 
and band II, A = 1 — 0.5. 
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Peak 4 


Peak 3 


Peak 4 





unabsorbed unabsorbed absorbed: 


] Vo Vo 


Serum 10 


Fic. 6. Ouchterlony plate of Peak 3 (A = 0.04) and Peak 4 (A = 
0.4) eluates tested against serum 10, unabsorbed, unabsorbed and 
diluted by one-half (band II is barely visible), and absorbed with 
equal volume of Peak 3 (A = 0.04) eluate. 


conclusion is based on the assumption that fibrinase activity is 
not caused by a nonantigenic protein in the Peak 4 eluate, an 
assumption that we subjected to further scrutiny by using non- 
immunological criteria of purity about which we shall report in 
a subsequent publication. 

The presence of only two major antigenic components in Peak 
4 eluates was also tested by injecting Peak 4 material into rabbits 
in the presence of Freund’s adjuvant. This method is known to 
magnify the effect of very small amounts of antigenic contami- 
nants by stimulating the production of antibodies far in excess 
of their proportion in the original antigen (14). Serum 18 and 
other sera were prepared in this manner and tested against 
various impure antigens. In all cases, only two major bands 
were obtained. In Serum 18, as has been noted before, a very 
small amount of antifibrinogen antibody could also be detected; 
specifically, about 1% of the antifibrinase antibody present in 
the serum. Since no Peak 4 eluate was ever observed to cross- 
react with antifibrinogen Serum 8, we attribute the presence of 
small amounts of antifibrinogen antibody in Serum 18 to the 
efficiency of the Freund’s adjuvant method in magnifying the 
effects of antigens present in trace quantities. The two bands 
obtained, when serum 18 is diffused against a variety of antigens 
of different degrees of purity, can be shown to be the same two 
bands (Fig. 7). It could also be shown that the two bands ob- 
tained, when Peak 4 eluate is tested against the “pure” Serum 
18, are homologous with the two bands obtained when the serum 
antigen is tested against the “rich”? Serum 10. 

Ubiquitous Presence of Band II Antigen in Peak 4 Eluates—A 
number of different chromatographic experiments were per- 
formed to determine whether the band II antigen could be 
eliminated from Peak 4 eluates. Two representative experi- 
ments follow that show that it was not possible to prepare a 
Peak 4 eluate free of band II contamination. 

In one experiment, a batch elution schedule was inserted as an 
additional step (0.065 mM phosphate buffer, pH 7.0) before the 
final elution with 0.2 m buffer. The elution pattern obtained 
(Fig. 8) shows that under these conditions Peak 9 is split into 
two peaks (44 and 4B) and immunological analysis of these 
peaks shows that some band I antigen appears in the later 
fractions of 4A (Fraction 113). In spite of this, band II antigen 
does appear in Peak 4B in similar proportions to those normally 
encountered in Peak 4 eluates. Although band II does not 
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Fic. 7. Ouchterlony plate showing: 1, Fraction 1; 2, Fraction 2; 
3, Fraction 3; 4, Fraction 4; 5, Fraction 3 stored in frozen state; 


6, Fraction 5 stored in frozen state; 7, Fraction 5, and 8, Peak 4 
eluate, all tested against serum,18, showing continuity of double 
banded system throughout all antigens. 
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Fic. 8. DEAE-cellulose chromatogram of Fraction 5 with a 
modified batch elution schedule. Fraction 5 (10.2 ml, A = 9.4) 
in 0.01 M potassium phosphate buffer, pH 7.0, was applied to col- 
umn (1 X 51 em.; flow rate, 9 ml per hour; 4 ml fractions), washed 
with 0.01 m buffer and eluted with 0.055 m, 0.065 m and 0.2 m buffer, 
at constant pH. 

Ouchterlony experiment showing elution fractions diffused 
against antifibrinase serum 18. Peak 4A (Fraction 113) shows the 
presence of small amounts of band I antigen, whereas band II 
antigen persists throughout Peak 4B (Fractions 128, 129, 131). 


appear with clarity in the Ouchterlony plate illustrated in Fig. 
8, it was easily resolved from band I in Preer double diffusion 
tubes, especially when the newly chromatographed preparation 
was stored for at least 24 hours at 4°. 

A chromatographic purification (Fig. 9) with very large vol- 
umes of 0.055 m buffer in order to elute as much band IT antigen 
as possible, followed by rechromatography of Peak 4 (Fig. 10) 
gave two distinctly resolved peaks which, when tested immuno- 
logically, repeated the pattern always observed for Peaks 3 and 
4. The Ouchterlony experiment in Fig. 10 clearly demonstrates 
the single banded nature of Peak 3. The double banded nature 
of Peak 4 could barely be detected in this particular experiment, 
which utilized a very fresh preparation of Peak 4 eluate. Sub- 
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Fie. 9. DEAE-cellulose chromatogram of Fraction 5 with , 
batch elution schedule of very large volumes of eluting fluid 
Fraction 5 (11 ml; A = 5.0 in 0.01 m potassium phosphate buffer 
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pH 7.0) was applied to column (1 X 45 em; flow rate, 40 ml pe 
hour; 4 ml fractions) at 0.01 M potassium phosphate buffer, pi 
7.0, washed with a large volume (420 ml) of 0.01 m buffer and eluted 
and washed with a large volume (340 ml) of 0.055 m buffer and 
finally 0.2 m buffer, at constant pH. 
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Fic. 10. DEAE-cellulose chromatogram and Ouchterlony ex- 
periment of Peak 4 eluate with a batch elution schedule. Peak 
eluate (Fig. 11, Fractions 191 to 198) dialyzed to final concentra- 
tion of 0.01 mM potassium phosphate buffer, pH 7.0, was applied to 
column (1 X 45 em; flow rate, 40 ml per hour; 4 ml fractions), 
washed with 0.01 m buffer and eluted with 0.05 m and 0.2 m buffer 
at constant pH. Peak 3 contains 7% of protein recovered it 
Peaks 3 and 4. 

Ouchterlony experiment of rechromatographed Peak 3 and Peak 
4 eluates diffused against antifibrinase serum 18. Note homology 
between Peak 3 eluate (concentrated to A = 0.15) and band Ilof 
Fraction 5 (A = 0.5) presence of band II in Peak 4 eluate (A = 
0.55) ean be inferred by downward curvature of band II of Frae- 
tion o. 


sequent experiments with preparations of rechromatographed 
Peak 4 eluates which had been stored at 4° for more than 24 hours 
showed the presence of band II antigen as clearly as Fig. 7. 
We conclude that band II antigen in Peak 4 eluate is derived 
from band I antigen after its chromatographic separation. We 
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shall present additional evidence to support this conclusion in the 
following paper (21). 
DISCUSSION 

| Loewy and Edsall (5) observed that the fibrinogen prepara- 

tions they utilized formed fibrin 7 when clotted in the presence 

of cysteine and calcium. They interpreted this to mean that 

cysteine and other sulfhydryl compounds acted in a similar 
aj manner to fibrinase, by initiating a disulfide exchange reaction 
| amongst the fibrin momoners of the clot, thus causing the for- 
mation of intermonomer disulfide bonds from intramonomer disul- 
fide bonds. When Lorand and Jacobsen (7) reported that their 
heat-treated fibrinogen preparations did not respond to cysteine 
the possibility emerged that the effect of cysteine might well be 
due to a reactivation of inactive fibrinase contaminants of fi- 
brinogen. 

We have been able to prepare fibrinogen fractions which show 
no cross-reactivity with antifibrinase and antifibrinogen serum 
which shows no cross-reactivity with fibrinase. Therefore, the 
fibrinase antigen, even if permanently inactivated, can only be 


_ ees ee 





with 4 esent in very small amounts. We were also able to show that 
ng fluid pr ; 
e buffy § these fibrinogen fractions were free of fibrinase capable of being 


O ml pe reactivated by cysteine or by active fibrinase. Thus, we con- 
ffer, pH clude that with these highly purified fibrinogen fractions the 
delutel §  onyersion into insoluble fibrin is achieved only by the fibrinase 
fier ai which has been added to the clotting mixture. Kinetic studies 
of this reaction will be reported in a later publication. The 
results presented here show that 2.8 <x 10-> mg of our purified 
fibrinase preparations (specific activity of 36,000 units per mg of 
protein N in the absence of cysteine) will form an insoluble clot 
with 0.2 mg of fibrinogen in 1 hour of incubation. If one assumes 
that only half of the fibrinogen present was converted into in- 
soluble fibrin, then one can calculate that 1 mg of fibrinase can 
form 3,600 mg of insoluble fibrin. This represents a minimal 
figure which can be increased 2- to 3-fold by using incubation 
times of 18 hours. We can, therefore, conclude that the action of 
fibrinase is catalytic. 

The fact that sulfhydryl compounds cannot convert purified 
fibrinogen into fibrin 7 does not necessarily eliminate the possi- 
bility of a disulfide exchange mechanism being involved as the 
final step in the formation of fibrin 7. It does, however, suggest 
that if such a mechanism is involved it must be preceded by an 
enzymatically mediated step that makes the disulfide exchange 
possible. It has been shown that at least some proteins must be 
— denatured before disulfide exchange can take place (6). Possibly, 

Peaki® the role of fibrinase is to initiate a change in the secondary or 
yneentra- § tertiary structure of the fibrin monomers of the clot, causing the 
pplied © § closer juxtaposition of some of the disulfides and thus permitting 
ee disulfide exchange to occur. A specific proteolysis analogous 
vered iy | t0 the action of thrombin may well be the mechanism by which 
fibrinase achieves the change in monomer structure presumably 


and Peak § necessary for the initiation of disulfide exchange. 
homology 
and II of 
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A method for the preparation of fibrinogen free of traces of 
fibrinase has been described. This preparation will not form an 
insoluble clot, even when incubated for 18 hours after clotting in 
0.005 m cysteine and 0.005 m CaCle. It does not cross-react 
with antifibrinase serum; nor does antifibrinogen serum cross- 
react with fibrinase. 

A method for the purification of fibrinase involving ammo- 
nium sulfate fractionation and DEAE-cellulose chromatography 
has been described. Purification by a factor of 8000 with 65% 
yield was achieved. The resulting preparation showed a major 
and minor component in gel diffusion experiments. 

Evidence is presented that suggests that the more slowly dif- 
fusing major component is active fibrinase and gives rise to the 
more rapidly diffusing minor component, which lacks in enzy- 
matic activity. 

The implications of some of these findings for the disulfide 
exchange theory of insoluble fibrin formation (5) are discussed. 
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Fibrinase,’ the enzyme present in blood which, in the presence 
of calcium, is responsible for the formation of insoluble fibrin, 
has been purified, tested with fibrinogen free of fibrinase con- 
tamination, and found capable of forming several thousand 
times its own weight of insoluble fibrin (3). Fibrinase was puri- 
fied by a five-step fractionation procedure followed by DEAE- 
cellulose chromatography. Peak 4, the enzymatically active 
eluate, gave a major and minor component in gel diffusion. The 
minor component (band II antigen) was found to be antigeni- 
cally homologous with the single component in Peak 3 eluate. 
It was therefore concluded that the major component (band I 
antigen) represented the active fibrinase enzyme. The observa- 
tion (3) that the concentration of the minor component increases 
upon storage at 4° suggested to us that it is derived from the 
major component. 

Observations, based on solubility changes during the fractiona- 
tion procedure for the purification of fibrinase, suggested the 
possibility that fibrinase in its native state forms a complex with 
fibrinogen. 

This report is concerned with studies of (a) the dissociation of 
active fibrinase into inactive subunits, (6) the association of 
fibrinase and fibrinogen into large complexes and (c) the approxi- 
mate molecular dimensions of fibrinase, the fibrinase subunits 
and the fibrinase-fibrinogen complex. 


EXPERIMENTAL PROCEDURE 


FFF? was prepared by the method of Loewy, Dunathan, 
Kriel, and Wolfinger (3). A fibrinogen fraction was judged to 
be free of fibrinase if the clot formed after 6 hours of incubation 
in the presence of 0.005 mM calcium chloride and 0.005 m cysteine 
was soluble in 2% acetic acid. As a rule, fractions previously 
denoted 8 and 9 (3) satisfied these criteria of purity. 

FRF was prepared by dialyzing Fraction 3 (3) against three 
changes of 500 volumes of 0.3 M ammonium acetate at 4°. This 
fibrinase-rich fibrinogen preparation was stored in high concen- 
trations (absorbancy, 18 to 36) at 4° or in the frozen state. FRF 
has a specific activity of approximately 300 units of fibrinase per 
mg of protein nitrogen, 2% of the total protein being composed 
of fibrinase (3). 


* This work has been supported by grants from The National 
Science Foundation and the National Heart Institute of the 


United States Public Health Service. 

' Fibrinase has been previously named ‘‘Laki-Lorand factor’’ 
by Loewy and Edsall (1) and “‘fibrin-stabilizing factor’ by Lorand 
and Jacobsen (2). 

* The abbreviations used are: FFF, fibrinogen free of fibrinase 
activity; FRF, fibrinogen rich in fibrinase activity. 
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Fibrinase was purified according to the method of Loewy, 
Dunathan, Kriel, and Wolfinger (3). Two degrees of purity 
were utilized, (a) Fraction 5, a preparation of 50 to 75% purity 
and (6) Peak 4 eluate, a preparation in which the only contani- 
nant was 5 to 25% of the minor component (band IT antigen). 

A variety of immunological gel diffusion methods were utilized, 
The Ouchterlony double diffusion method was used to study 
homologies (4) and partial homologies (5) between various anti- 
A modification by Preer (6) of the Oakley and Fulthorpe 
(7) technique for measuring double diffusion in capillary tubes 
was utilized for estimating the diffusion coefficient of the fibrin. 
ase subunits (band II antigen). 

The diffusion coefficients of other antigens were estimated by 
the method first developed by Oudin (8) and subsequently re. 
fined by Neff and Becker (9), Spiers and Augustin (10), and 
Augustin, Hayward, and Spiers (11). These single diffusion 
experiments were performed in Pyrex tubes (1.8 to 2.0 mm, in- 
side diameter) containing 0.04 ml of antiserum in 0.3% agar. 
An equal volume of antigen was layered above the agar; the 
tubes were sealed with Pyseal cement and placed in a horizontal 
position at 17°. 


gens. 


The movement of the precipitation zone was 
recorded photographically and measured off of the photographs 
with calipers graduated in 0.1 mm divisions. All diffusion tubes 
were prepared in duplicate. The experimental details for the gel 
diffusion experiments that are omitted in the above description 
are given by Loewy, Dunathan, Kriel, and Wolfinger (3). 

Two sera, previously described (3), were used in this study. 
Serum 8 is a pure antifibrinogen serum which shows no cross 
reactivity with fibrinase. Serum 18 is an antifibrinase serum 
with an antifibrinogen titer of less than 1% of its antifibrinase 
titer. 

A variety of electrophoretic techniques were utilized. For 
paper electrophoresis we used a simple apparatus designed by 
Grassmann and Hannig (12) and manufactured by Bender and 
Holbein.? Starch gel electrophoresis was carried out in an appa 
ratus described by Smithies (13) and manufactured by the Con 
naught Medical Research Laboratories, Toronto, Canada. 
Electrophoresis in cellulose acetate was performed according to 
the method described by Consden and Kohn (14). Immuno- 
electrophoresis experiments (15, 16) were carried out in an app 
ratus designed for the modification developed by Scheidegger 
and Roulet (17) and manufactured by Bender and Holbein. 

Sedimentation coefficients! were determined by the method of 

’ Purchased from Brinkman Instruments, Inc., 115 Cutter Mill 
Road, Great Neck, L. I., New York. 

‘ We gratefully acknowledge the help of Dr. Verne N. Shumaker 
for the use of his ultracentrifuge and his patient coaching in the 
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Svedberg and Pedersen (18). Apparent diffusion coefficients 
were determined by the method described by Schachman (19). 
Molecular dimensions of fibrinase were determined with the 
electron microscope’ by the method developed by Hall (20). 
Protein concentration was determined by measurement of ab- 
sorbancy at 280 my.6 Other materials and methods to which no 
reference is made here have been described previously (3). 


RESULTS 


Dissociation of Fibrinase into Subunits 


The qualitative observation that there was an increase of 
band Il antigen in rechromatographed fibrinase upon storage at 
4°, led to the hypothesis that it was derived from the enzymati- 
cally active band I antigen. The following section is a system- 
atic study of this conversion. 

Effect of Dilution on Relative Concentrations of Band I and 
Band II Antigen—The graphical technique developed by Preer 
(6) and described by Loewy, Dunathan, Kriel, and Wolfinger 
(3) is a useful immunological method for determining the equiva- 
lence concentration and equivalence position of antigens in a 
mixture. It consists of plotting the band position at different 
times in a dilution series of Preer double diffusion tubes and by 
extrapolation determining the point of intersection. This point, 
being the region of zero migration with time, defines both the 
equivalence position and equivalence concentration of the anti- 
gen. When this technique was applied to the study of 
band I and band II antigens in various fibrinase preparations, 
it was noticed that no precise point of intersection could be de- 
termined, and instead we observed a very broad zone of low mi- 
gration (Fig. 1). This suggests that band I and band II are not 
in fixed ratio with respect to each other over the entire dilution 
range. 

If the inability to obtain a finite point of intersection is to be 
explained by the conversion of some of band I antigen to band 
II antigen, then it should be possible to show that the anomalous 
migration of band I at constant ratio dilution is accompanied 
by an anomalous migration of band IT in a complementary direc- 
tion, so that a loss in concentration of one could be accounted 
for by a gain in concentration of the other. This is indeed what 
occurred. Constant ratio dilution experiments over two sets of 
antigen-antibody ratios were carried out in Preer double diffu- 
sion tubes. Duplicate tubes were used, band positions were 
determined on the second and the fourth day, and these four 
values were averaged. The results recorded in Fig. 2 show that 
(a) band position is not constant at constant ratio dilution and 
(b) the movement of band I towards the antigen well with dilu- 
tion, which indicates a decrease in band I antigen-antibody ratio, 
is accompanied by an equivalent movement of band II in the 
other direction indicating an increase in band II antigen-anti- 
body ratio. Thus, it seems that the tendency for band I anti- 
gen to form band II antigen is enhanced by dilution. If this 
interpretation of our inability to obtain precise values for the 
equivalence ratio of these systems is correct, then it should also 
be possible to show that a band II antigen free of band I anti- 





manipufation of the equipment and the interpretation of the 
results. 

5 We are grateful to Dr. Cecil E. Hall for the electron micro- 
scopic measurements which were performed in his laboratory. 

6 The absorbancy indexes (as) for a protein solution of 10 mg per 
ml and an optical path of 1 em as previously determined (3) were: 
FFF, 15.9; FRF, 16.4; fibrinase (Peak 4 eluate), 18.3. 
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Fig. 1. Determination of equivalence ratios of band I and band 
II antigens in Peak 4 eluate (A = 5.0) and Serum 18, with the 
method of Preer (6). Band positions were measured on 3 oc- 
casions, To ak eer , 2 days; and — --—-, 4 days after 
beginning of experiment. Note the lack of congruence of inter- 
section of three lines giving very broad zone of equivalence. 
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Fic. 2. Complementary movement of band I and II of Peak 4 
eluate (A = 5), diffused against Serum 18 during constant ratio 
dilution at two antigen-antibody ratios (- ---, #6; ——, ds), at 
the approximate equivalence concentration of the two systems. 
Note that movement of band I with dilution towards lower band 
positions is accompanied by movement of band II towards higher 
positions. 


gen, as it occurs in Peak 3 eluate, will give more precise values 
for the equivalence ratio. The band II values plotted in Fig. 3 
show this to be the case. 

Effect of Other Conditions on Conversion of Band I to Band IT 
Antigen—If band I antigen does give rise to band II antigen then 
conditions other than concentration should affect this conver- 
sion. A number of experiments were performed to test the 
effect of cysteine and other amino acids. The result of six 


separate experiments performed with a variety of Peak 4 prepa- 
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Fic. 3. Precise determination of equivalence ratios of band I 
and band II antigens under special conditions. Band II antigen 
is obtained from Peak 3 eluate (A =0.4) and is consequently free 
of the band I antigen. Diffusion experiment with band I antigen 
in Peak 4 eluate (A=3.9) was carried out in the presence of 10-2 
M cysteine under anaerobic conditions. Note that in both systems 
band positions obtained, eS  aeenemeeree- 2 days; and 

, 4 days after experiment began, extrapolate to give precise 
points of intersection. 


rations show that cysteine does suppress the conversion of band 
I antigen to band II antigen. These experiments were done in 
Preer double diffusion tubes at a concentration of 0.005 m cyste- 
ine maintained under anaerobic conditions with a layer of min- 
Constant ratio dilution at the approximate equivalence 
ratio of the two bands were carried out, and the highest antigen 
dilution at which a given band was formed was determined. 


eral oil. 


The results were expressed in terms of the ratio between lowest 
antigen concentration at which band II appeared and the lowest 
antigen concentration at which band I appeared. Thus, if band 
II disappeared below an absorbancy of 0.078 and band I disap- 
peared below an absorbancy of 0.0195, then the ratio of band I 
to band II was judged to be 4:1. This, of course, does not mean 
that this ratio represented the proportion of the two proteins in 
the undiluted antigen. It was used merely as an estimate of the 
tendency for the conversion of band I to band II to take place. 
In the presence of cysteine and under anaerobic conditions, band 
I antigen to band II antigen ratios of 16:1 and 32:1 were ob- 
tained. Control experiments performed without cysteine or 
with cysteine in air gave ratios ranging from 2:1 to 8:1. Gly- 
cine, alanine, and arginine also had a protective influence but, 
with the exception of arginine, to a lesser extent. In Fig. 4 the 
effect of cysteine is demonstrated by a Preer diffusion experiment 
observed over a 3-day period under three different conditions: 
(a) antigen diluted with KCl; (6) antigen diluted with cysteine 
and maintained under aerobie conditions; (c) antigen diffused in 
the presence of cysteine and maintained under anaerobic condi- 
tions. 





It should be noted that oxidized cysteine seems to have 
some effect in preventing the appearance of band II antigen 
which is probably analogous to the effect noted for the other 
three amino acids. We also observed that in the presence of 
cysteine, under anaerobic conditions, it was possible to obtain 
precise equivalence ratios for band I (Fig. 3), which suggests 
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that, under these conditions, there is very little conversion of 
band I antigen to band II antigen. 

The data presented in Fig. 3 permit one to calculate equiva- 
lence concentrations for these separate systems. They are 1 = 
0.46 for band I antigen and A = 














0.07 for band II antigen, 
Constant ratio dilution experiments on these two systems gave 
minimal concentrations at which these two bands formed, of 
A = 0.018. 
diffusion tubes of 10 wg of protein per ml or 1.6 wg of protein 
N per ml. The ratio of anti-I to anti-II in Serum 18 could, 
therefore, be shown to be 6:1. 


This represents a sensitivity in the Preer double 


The conversion of band I antigen to band II antigen can also 
A preparation of rechromatographed Peak 4 
eluate was “mistreated” in a variety of ways and then tested in 
gel diffusion. 


be enhanced. 
The exposure to various solutions was carried out 
by dialyzing 1 ml aliquots for 6 hours against 500 volumes of 
solution followed by dialysis for 18 hours against 500 volumes of 
0.1 mM phosphate buffer, pH 7.0. Fig. 5 shows the results of ex- 
posing a fresh Peak 4 eluate to pH 4.7, pH 9.6, 0.01 m cysteine, 
pH 7.0, freezing at —10° for 24 hours and heating to 58° for 3 
minutes. The untreated control shows only one band under 
the conditions of this experiment, whereas the treated antigens 
show two bands to various degrees of prominence. The same 
set of antigens was also tested by the more precise Preer double 
diffusion method to determine whether the increase in amount 
of band II antigen found after treatment corresponds to a de- 
crease in band I antigen. Fig. 6 shows the results of the pH 
4.7 treatment. It should be noted that, unlike the Ouchterlony 


1 


No 


cysteine 


Cysteine 
aerobic 





Cysteine 
anaerobic 





igi : 

Fic. 4. Preer double diffusion experiment with Peak 4 eluate 
(A = 0.33) and antifibrinase Serum 18, 1, 2, and 3 days after the 
experiment was started, utilizing (a) no cysteine, (b) cysteine un- 
der aerobic conditions, and (c) cysteine under anaerobic condi- 
tions. Note that band II is almost entirely absent in the expett- 
ment with cysteine under anaerobic conditions. 
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method (Fig. 5), this method does resolve both bands in the un- 
treated controls even though they are at times very close to each 
other. Fig. 6 shows that pH treatment displaces band II 
towards the antibody well, whereas band I becomes displaced 
towards the antigen well; a phenomenon which is in agreement 
with the hypothesis that some of the band I antigen becomes 
converted to band IT antigen. 

Electrophoretic Properties of Peak 4 Eluate—If band | and 
band II antigens are two antigenic Siitans of the same substance, 
then it is likely that they will migrate at the same rate in an 
electric field. Conversely, if they are unrelated, then, even 
though they were not completely resolvable by our chromato- 


Untreated pH 4.7 pH 9.6 


Cysteine -10° C = © 


Fic. 5. Ouchterlony experiments with rechromatographed 
Peak 4 eluate treated in a variety of ways and diffused against 
antifibrinase Serum 18. Antigen wells contain 2-fold dilution 
series, starting with A = 0.26 at upper well and proceeding clock- 
wise. 
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Fic. 6. Comparison of band positions at a variety of antigen- 
antibody ratios in Preer double diffusion tubes of untreated, 
rechromatographed Peak 4 eluates with the same material pre- 
viously subjected to pH 4.7; diffused against antifibrinase Serum 
18. Note that with treatment band I moves to lower position 
while band II moves to higher positions. 
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Serum 18 








Fic. 7. Immunoelectrophoresis experiment of (A) fibrinase 
(Fraction 5, A=6.0) and (B) FRF (Fraction 3, A=6.5) in 0.05 
sodium barbital buffer, pH 8.2. Agar (2% in barbital buffer) 
formed a 2-mm layer on the microscope slide. Ten slide as- 
semblies in an electrophoresis chamber (26) conducted 15 ma of 
current at 300 volts. Antigen was diluted with equal volume of 
4% agar and placed in well indicated by arrow. The electro- 
phoretic run lasted 4 hours, after which Serum 18 was placed in 
long well at right angles to electrophoretic band and allowed to 
diffuse for 48 hours. The experiment was performed at 4°. 


graphic methods, the introduction of a different technique of 
separation is likely to achieve their resolution. Electrophoretic 
experiments were performed with paper (12), starch gel (13), 
and cellulose acetate (14) at pH values ranging from 7.0 to 9.0. 
In all three media and under all conditions tested, Peak 4 eluates 
migrated as a single band.” To eliminate the possibility that 
the band II antigen was too dilute to be detected by the staining 
procedures utilized, a series of immunoelectrophoresis experi- 
ments were performed (15, 16). Fig. 7 shows the results of two 
such experiments. Both in (A) Peak 4 eluate and (B) in FRF, 
two concentric bands were obtained, showing that both band I 
and band II antigens had migrated at the same rate in the elec- 
tric field. In the next section, we shall report evidence that, 
before heat treatment, fibrinase is attached to fibrinogen. This 
may explain the difference in electrophoretic mobility between 
Peak 4 eluate and the fibrinase component of Fraction 3 as 
shown in Fig. 7. We consider that the migrations of band I 
and band II antigens at equal rates under these two very differ- 
ent conditions of electrophoretic mobility constitute very strong 
evidence in favor of the hypothesis that they are related. 


Fibrinase-Fibrinogen Complex 


The fractionation of fibrinase involved a step in which fibrino- 
gen was removed by heat treatment (3). This step was accom- 
panied by a radical change in solubility of the fibrinase-con- 
taining fraction. Thus, fibrinase before heating has solubility 
properties which are very similar to those of fibrinogen, being 
precipitated at pH 7.0 in 15 to 21% saturation of ammonium sul- 


7 It is possible in the case of starch gel electrophoresis, that band 
I antigen was entirely prevented from migrating and that the 
single band observed was pure band II antigen. Immunological 
tests of the starch gel synerate revealed only the presence of band 
II antigen. 
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Fic. 8. Ouchterlony plate in which fibrinase-rich fibrinogen 
(FRF) and heat-treated FRF are diffused against antifibrinogen 
Serum 8 and antifibrinase Serum 18. Note that FRF (10 mg per 
ml) gives a single band against antifibrinase, which is located close 
to the antigen well. Heating precipitates 98% of the total protein 
and yet the band moves away from the antigen well. Small 
amounts (approximately 0.1 mg per ml) of fibrinogen are left in the 
heat-treated FRF versus antifibrinase. 


fate. For this reason, it has been exceedingly difficult to remove 
traces of fibrinase contaminants from fibrinogen preparations. 
The observation that an ammonium sulfate precipitate at 16% 
saturation at pH 7.0 contains more fibrinase than a fraction pre- 
cipitated between 16 and 20% saturation, led to the fractional pre- 
cipitation technique whereby both FRF and FFF were prepared 
(3). After the thermal denaturation of fibrinogen, the solubil- 
ity of fibrinase changed markedly; it now required 36° satura- 
tion of ammonium sulfate for precipitation. We observed that 
this fibrinase is also much more soluble at low ionic strength than, 
the “native” material in the FRF fraction. Thus, we found 
that it is soluble in 0.01 m phosphate buffer, pH 7.0, in concen- 
trations of 5 mg per ml, whereas “native” fibrinase will precipi- 
tate completely in a FRF preparation of 2 mg per ml under the 
same conditions of ionic strength and pH. These observations 
on the solubility of native fibrinase led to the hypothesis that it 
occurs in combination with fibrinogen. The following additional 
lines of evidence are in agreement with this hypothesis. 
Diffusion Rates of Fibrinase and Fibrinase-Fibrinogen Com- 
plex—The study of fibrinase in its native condition is compli- 
cated by the fact that it represents only 1 to 2% of the protein 
of the FRF fraction. The use of immunological techniques for 
detecting this very dilute moiety of the FRF fraction proved to 
be an extremely convenient approach to this problem. Serum 
18, which has been shown to be a highly pure antifibrinase 
serum, was used as the specific reagent for the detection of 
“native” fibrinase in the FRF fraction. Fig. 8 represents an 
Ouchterlony diffusion experiment in which the diffusion proper- 
ties and homologies of fibrinogen and fibrinase in FRF and the 
heat-treated supernatant of FRF were studied. It shows (a) 
that FRF when heated loses most of its fibrinogen, (6) that the 
position of the fibrinase band with heating shifts towards the 
antibody well, and (c) that there is no cross-reactivity between 
fibrinogen and fibrinase. It should also be noted that in this 
experiment the fibrinase band appears double after heat treat- 
ment, being composed of band I and band II antigens. In 
fresh FRF preparations, both antigenic forms can usually be 
observed, but on storage at 4° or in the frozen state, band I 


antigen was observed to disappear. Heat treatment of such 
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material often revealed (or restored) some band I antigenicity 
as appears to be the case in Fig. 8. The experiment in Fig. 8 
shows in qualitative terms that with heating there is a shift of 
the fibrinase band towards the antibody well presumably because 
of an increase in the diffusion coefficient of the molecule. This 
interpretation can be tested by direct measurement of the diffu- 
sion coefficients by an immunological method. We have seen 
that because of the effect of dilution on the transformation of 
band I antigen to band II antigen, it was not possible to obtain 
precisely defined equivalence positions for band I antigen by 
the Preer double diffusion method. Furthermore, the equiva- 
lence position for “native” fibrinase in the FRF preparations is 
very low, making this method unsuitable for the determination 
of diffusion coefficients (6). We therefore utilized a modifica- 
tion of the Oudin technique that took into account the criticisms 
of the method, raised by Neff and Becker (9), by Spiers and 
Augustin (10), and by Augustin, Hayward, and Spiers (11). 
This method has the advantage of requiring antigen concentra- 
tions higher than the equivalence concentration, a condition 
that minimizes the formation of band II antigen. This single 
diffusion method consists of the measurement of the rate of 
movement of the leading edge of a precipitate band formed by 
the diffusion of antigen, at a variety of concentrations higher 
than equivalence, into an antibody zone held in 0.3% agar. 
Neff and Becker have shown that the following three relation- 
ships can be used to determine the diffusion coefficient of anti- 
gen in such a system: 


X = Kivi (1) 
in which X is the distance the leading edge moves in time ¢, 
K, = m logio [antigen] (2) 
and 
m = Ko/D (3) 


in which D is the diffusion coefficient of the antigen. 

Neff and Becker have shown that the proportionality between 
mand /D held for four out of five proteins which they have 
studied over a wide range of experimental conditions. Augustin, 
Hayward, and Spiers, however, have shown that Neff and 
Becker’s theoretical treatment gives absolute values for diffu- 
sion coefficients which can be as much as 20% below the ac- 
By using a more detailed theoretical treatment, 
they showed that this discrepancy could be reduced to 15%. 
Our aim was to circumvent the theoretical problems raised by 
Spiers and Augustin by performing the experiments at high 
antigen-antibody ratio, at constant temperature, and by utiliz- 
ing as a standard a protein of known diffusion coefficient. In 
our experiment, the standard was human y-globulin diffused 
against rabbit antihuman y-globulin. We have assigned to 
the former a diffusion coefficient of 3.84 x 10-7 cm per second 
(21). The diffusion coefficient of the unknown protein X was 
calculated according to the equation, m,/m, = V/ D,/Dz in 
which subscript s represents the standard and subscript 2 the 
unknown. Fig. 9 is an example of the diffusion measurements 
which could be obtained by this method. Each point represents 
The k& values for human y-globu- 


cepted values. 





an average of duplicate tubes. 


8 We are grateful to Dr. Irving Finger for the gift of human 7- 
globulin and the rabbit antihuman y-globulin used in these 
experiments. 





Octo 


lin ok 
the ¢ 
“nati 
fibrin: 
II an 
cient 
been | 
not si 
meast 
peri 
study 
antig 
with 
signif 
differ 
and t 
part | 
magn 
lecula 
If : 
comp 
partic 
see |: 
350,0 
conta 
possil 
of it 
fibrin 
Fig. | 
free 0 
8). 
were 
FRF 
doub! 
fibrin 
preps 
prote 


DISTANCE (cm) 


Fi 
zone 
rabbi 
when 
root 








. 10 


city 
g. 8 
't of 
use 
This 
iffu- 
seen 
n of 
tain 
1 by 
liva- 
ns is 
ition 
ifica- 
‘isms 
and 
(11). 
ntra- 
ition 
ingle 
te of 
d by 
igher 
agar, 
tion- 
anti- 


Wweell 
have 
ustin, 
and 
diffu- 
1 ac- 
ment, 
15%. 
od by 
high 
utiliz- 
<n 
ffused 
ed to 
econd 
\ was 
D,, in 
x the 
ments 
esents 
ylobu- 


nan 7- 
these 








October 1961 






lin obtained from Fig. 9 were plotted in Fig. 10 to give m and 
the diffusion coefficients. Fig. 10 also shows m values for 
“native” fibrinase in FRF and the band I antigenic form of 
fibrinase in the Peak 4 eluate fraction. Measurements of band 
II antigen obtained from Peak 3 eluates gave a diffusion coeffi- 
cient which was considerably higher but the experiments, having 
been carried out too close to the equivalence concentration, were 
not sufficiently precise to deserve reporting. Nevertheless, the 
measurements on band II antigen constitute an adequate ex- 
perimental control, showing that the migrating boundary in the 
study of the Peak 4 eluate was indeed produced by band I 
antigen. It should be noted that the diffusion data obtained 
with “native”’ fibrinase in FRF are also not very precise. The 
significant observation in this instance, however, is that the 
difference between “native”? and purified fibrinase is very large, 
and there is no question but that fibrinase in its native form is 
part of a large complex. A diffusion coefficient of the order of 
magnitude of 0.58 + 0.17 « 10-7 cm? per second suggests mo- 
lecular weight of several million. 

If a FRF preparation in which only 1 to 2% of the protein is 
composed of fibrinase (the remainder being fibrinogen), contains 
particles of several million molecular weight, and if, as we shall 
see later, the molecular weight of fibrinase is approximately 
350,000, then one must conclude that the complex formed must 
contain some 10 to 20 molecules. If this is so, then it should be 
possible to distinguish in the FRF fraction a sizeable proportion 
of it diffusing at a significantly lower rate than the unbound 
fibrinogen, the molecular weight of which is near 330,000 (22). 
Fig. 11 is a comparison of the diffusion of FRF with fibrinogen 
free of fibrinase (Fraction 9) against antifibrinogen serum (Serum 
8). It shows that, although identical antigen concentrations 
were used (at the approximate equivalence concentration), the 
FRF band, in contrast to the pure fibrinogen band, appears 
double in character. Since Serum 8 contains no detectable anti- 
fibrinase activity and forms single bands with all fibrinogen 
preparations containing less than 3 fibrinase units per mg of 
protein N, we conclude that the more slowly diffusing compo- 
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Fic. 9. Measurements of rate of movement of the precipitation 
zone in Oudin tubes at 17°, of human globulin into antihuman 
rabbit globulin serum. Values of k, the slope of the line obtained 
when the distance of band migration is plotted against the square 
root of time in hours, are given. 
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Fic. 10. Determinations of diffusion coefficients by plotting 
values of k against the logio of the antigen concentration for 
three different systems: (a) human y-globulin versus antihuman 
rabbit y-globulin, (b) fibrinase versus antifibrinase, (c) FRF 
versus antifibrinase. Values for the slopes, m, of the 2nd and 3rd 
system are calculated by assuming a diffusion coefficient for the 
first of 3.84 X 10-7 cm? per second. 


FFF 





FRF 


Fic. 11. Precipitation bands obtained by diffusing FFF and 
FRF at their equivalence concentrations (0.35 mg per ml) against 
antifibrinogen Serum 8. Long, rectangular wells were used for 
the antigens in order to obtain long precipitation bands of small 
curvature. Note the double nature of the FRF precipitation 
band. 


nent of the double band is that of the fibrinogen-fibrinase com- 
plex. Further evidence that the presence of fibrinase slows 
down significantly the diffusion of the FRF fraction can be ob- 
tained by comparing the rate of diffusion of FFF (Fraction 9) 
with that of FRF, both into antifibrinogen Serum 8. Fig. 12 
shows the m values obtained and the diffusion coefficients which 
were calculated from these. The diffusion coefficient of 2.1 x 
10-7 em per second obtained for pure fibrinogen agrees with the 
value of 2.02 x 10-7 cm per second reported by Shulman for bo- 
vine fibrinogen (22), studies in which molecular weights of 330,- 
000 were calculated. The diffusion coefficient of 1.2 * 10-7 em 
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Fic. 12. Determination of diffusion coefficients of FFF and 


FRF both diffused against anti-fibrinogen Serum 8. 





Serum 8 





Serum 18 


Fic. 13A. Immunoelectrophoresis in agar of FRF, in a sup- 
porting medium of 0.8% agar gel containing 0.1 N sodium barbital- 
HC! buffer, at 150 volts and 41 ma for 6 hours. Protein (20 mg 
per ml) was applied in rectangular well; zones were stained with 
amido black and excess dye washed out with solution of 60% 
methanol, 2% acetic acid and 38% water by volume. Note that 
small part of protein migrated towards anode, whereas larger 
portion moved towards cathode by electroendosmosis. 

B. Similar experiment but in which protein was applied in 
circular well and electrophoresis was carried out at 230 volts and 
50 ma for 12 hours. The position and nature of the zones of 
electrophoretic migration were tested immunologically. Note 
that the fibrinase antigen has migrated slightly towards the anode, 
whereas the bulk of the fibrinogen antigen has migrated towards 
the cathode. Note also that the protein zone moving towards the 
anode has both antifibrinogen and antifibrinase antigenicity, 
whereas most of the zone moving towards cathode has only anti 
fibrinogen antigenicity. 
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per second obtained for FRF is reminiscent of the values of 1) 
to 1.3 10-7 em per second obtained by Holmberg for humay 
fibrinogen (23), studies in which molecular weights of 670,009 
were calculated, 


Immunoelectrophoresis of Fibrinase-Fibrinogen Complex —Ad. 
ditional evidence for the presence of a fibrinogen-fibrinase com. 
We found 
that, by utilizing the apparatus designed by Smithies for stared 
gel electrophoresis (13) and adapting it for immunoelectrophore. 
sis in agar, conditions could be obtained with FRF fractions 
whereby part of the protein would migrate towards the anode 
while large proportions of the fraction would migrate towards 
the cathode, presumably by electroosmosis (Fig. 134). The 
identity of the proteins migrating in opposite directions can be 
studied by the use of specific sera. Fig. 13B shows the results 
of such a study in which FRF (A = 35) was subjected to elee. 
trophoresis (230 volts, 50 ma) for 12 hours and then tested with 
antifibrinase Serum 18 and antifibrinogen Serum 8. It shows 
(a) that most of the fibrinase (band I and IT) has moved towards 
the anode, (6) that most of the fibrinogen has moved towards the 
cathode, and (c) that in the region of the fibrinase there is def. 
nite cross-reactivity with the antifibrinogen serum that extends 
towards the anode as far as the fibrinase does. In this and all 
other similar experiments, antifibrinase activity was always as 
sociated with antifibrinogen activity. 

Coprecipitation of Fibrinogen with Antifibrinase Serum—The 
presence of fibrinogen in the “native” fibrinase complex could 
also be demonstrated directly by a coprecipitation experiment. 


plex can be obtained from immunoelectrophoresis. 


This experiment involved (a) the precipitation, in a region of 
antigen excess, of “native” fibrinase from FRF with antifibrin. 
ase Serum 18, (6) thorough washing of precipitate, (c) treatment 
of precipitates with antifibrinogen Serum 8, (d) again thorough 
washing of precipitates, and finally (e), the solution of the pre 
cipitate in 0.1 Mm NaOH and measurement of absorbancy at 28) 
my. Controls were used in which the fibrinase precipitate was 
treated with preimmunization sera to obtain a measure of the 
amount of precipitate formed in the absence of treatment with 
antifibrinogen Serum 8. Another control experiment in which 
a comparable sample of FFF (Fraction 9) was mixed with anti 
fibrinase Serum 18 without formation of a precipitate showed 
that under the conditions of the experiment the small amount of 
antifibrinogen impurity in our antifibrinase Serum 18 was in 
such antigen excess as not to form any detectable precipitate 
with fibrinogen. Table I shows the combined results of two 

It can be seen that the average value for 
the fibrinase precipitate subsequently treated with antifibrino- 
gen serum is about 20% higher than the control group treated 
with preimmunization serum. Utilizing the t test, one can cal- 
culate that the probability for this difference to be due to chanee 
above is 0.02 to 0.05. Since the results are based on two exper- 
ments in which the absolute amounts of precipitate are slightly 
different, we obtained probability values which are slightly 
higher than would be expected if the seven determinations had 
been carried out in one experiment. If one makes the appro 
priate correction so as to bring the absolute amounts to the same 
level, then one obtains probability values which are lower than 
0.01. 

Reassociation of Purified Fibrinase and Purified Fibrinogen— 
We have demonstrated that in its “native” state fibrinase is 
found as a complex with fibrinogen. It can also be shown that 
fibrinase once freed from its fibrinogen complex by heat treat- 


such experiments. 
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TABLE [ 
Coprecipitation of fibrinogen with antifibrinase serum 
t = 244. P = 0.02 to 0.05 uncompensated, and <0.01 when 
compensated for the difference in means between Experiments | 
and IT. 


Experiment No. Experimental* Controlst 


I 0.125 


0.076 

0.082 0.079 

0.100 0.085 

Il 0.106 0.102 
0.118 0.089 

0.102 0.100 

0.140 0.099 

Average 0.110 





* Experimental group was prepared by mixing 3 ml of FRF (2 
mg per ml) with 1 ml of Serum 18, incubating for 1 hour at 38° 
and 24 hours at 4°, centrifuging, decanting the supernatant, and 
washing the precipitate three times with 4 ml of 0.15 m KCl, then 
adding 0.2 ml of Serum 8, incubating for 1 hour at 38° and 24 hours 
at 4°, centrifuging, and washing the precipitate four times with 4 
ml of 0.15 Mm KCI, finally dissolving the precipitates in 3 m] of 0.1 
wu NaOH and measuring the absorbancy at 280 mz. 

+ Control group was treated like the experimental group except 
that preimmunization serum was substituted for Serum 8 in the 
treatment of the precipitate. 


ment retains this ability to interact with fibrinogen. The fol- 
lowing observations have been made in the course of other stud- 
ies and do not represent a systematic treatment of the problem 
of fibrinogen-fibrinase interaction. We observed that when 
fibrinogen (A = 6.0) in 0.15 mM KCl is mixed with fibrinase (A = 
6.0) in 0.01 m phosphate buffer, pH 7.0, and allowed to equili- 
brate in the cold, a precipitate formed which, if centrifuged and 
redissolved, cross-reacted in gel diffusion with both antifibrino- 
gen Serum 8 and antifibrinase Serum 18. 


Approximate Molecular Dimensions of Fibrinase, Fibrinase 
Subunits, and Fibrinase-Fibrinogen Complex 
We have demonstrated that band I antigen, the enzymatically 
active major component of purified fibrinase, can convert to 
band II antigen under a variety of conditions. We have also 
demonstrated that band II antigen has a considerably higher 





5 
6 | Preer double diffusion 
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Dy; = 3.9 + 0.2 X 1077 cm? per second 


* In all calculations, a partial specific volume (#) of 0.725 was used. 
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Fic. 14. Ultracentrifuge patterns of two Peak 4 eluates pre- 
pared by different elution methods. Left, Peak 4 eluate (A = 
5.9) with 0.055 m phosphate buffer elution schedule (Fig. 3), 36 
minutes after reaching a speed of 59,780 r.p.m., major component 
9.88 S, minor component sx = 4.76 8. Right, Peak 4B 
eluate (A = 4.1) with 0.065 m phosphate buffer elution schedule, 36 
minutes after reaching a speed of 50,740 r.p.m., major component 
820 = 9.93 S, minor component 825 = 4.40 8. Sedimentation is 
towards the right. 


$20 = 


diffusion rate than band I antigen (Fig. 3). An increase in 
diffusion rate can be due to (a) a reduction in asymmetry and 
hydration or (6) a fragmentation of the molecule into subunits. 
By comparing the sedimentation coefficients of the two antigenic 
components of fibrinase preparations, it should be possible to 
distinguish between these alternatives. Fig. 14 shows two sedi- 
mentation diagrams based on two preparations of fibrinase ob- 
tained by different methods of chromatographic purification. 
One method utilized an elution schedule which attempted to 
prepare fibrinase in large yield by removing the impurities from 
the column with 0.055 m phosphate buffer at pH 7.0. The 
other elution schedule sacrificed a large amount of fibrinase by 
utilizing a 0.065 m phosphate buffer at pH 7.0. Both prepara- 
tions show a major component (s9 = 9.9 + 0.03 8) and a minor 
component (sx = 4.6 + 0.2 8) in approximately the same pro- 
portions. Since the sedimentation coefficient of the minor 
component (band II antigen) is less than that of the major 
component (band I antigen), we conclude that band I antigen dis- 
sociates into subunits to produce band IT antigen. 

Approximate molecular dimensions were determined by a 
variety of methods (Table IT). 

Active Fibrinase (Major Component, Band I Antigen)—Three 
determinations of sedimentation coefficients were performed with 
three different fibrinase preparations. Schlieren optics were 
used. Average value for sedimentation coefficients was 9.9 + 
0.03 S. 


TABLE II 


Some physical properties of fibrinase and its subunits 














Measurements Calculations* 
Substance No. - -- 

Method Value Values used | M X 10-5 | f/fo 

Fibrinase (band I an- r 829 = 9.9 + 0.038 5,2 3.5 
tigen, Peak 4eluate) | 2 | Boundary spreading D2) = 2.5 X 1077 em? per second 1,3 2.9 | 6 

| 3 | Oudin, single diffusion | D,;; = 3.1 X 10-7 em? per second | 4 | 4.6 

4 | Electron microscope Oblate ellipsoid of revolution, semiaxes = | 5, 6 3.3 

61 A and 36 A | 3 subunits 
} | } 

Fibrinase subunits | So = 46+028 5, 6 Feh od e 
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Fig. 15. Electron micrograph of fibrinase (Peak 4 eluate) 


One determination of the apparent diffusion coefficient of the 
major component (3 mg of protein per ml in 0.2 M phosphate 
buffer, pH 7.0) was performed by the boundary-spreading 
method with the use of Schlieren optics. A value of 2.5 x 10-7 
cm? per second was obtained. 

One determination of the diffusion coefficient of band I anti- 
gen (10 mg of protein per ml in 0.2 m phosphate buffer, pH 7.0) 
was performed by using a modification of the immunological 
method of Oudin. A value of 3.1 * 10-7 em? per second was 
obtained. This determination was based on the measurement 
of five antigen dilutions performed in duplicate. 9 

Fig. 15 is an electron micrograph of fibrinase prepared with 
Peak 4 eluate dialyzed in 0.1 M ammonium carbonate at pH 
8.5. The measurements were made by Mr. H. S. Slayter® by 
the method of Hall (20). Peak height of the particles was 
found to be 72 A and peak diameter 182 A. This was reduced 
to actual diameter by subtracting 60 A of metal cap. The 50-A 
difference between actual diameter and height indicates that the 
dried particle is best represented by an oblate ellipsoid of revolu- 
tion with semiaxes 61 X 36 A. It should be emphasized that 
these are approximate molecular dimensions based on relatively 
few measurements of particles selected as being typical of the 
population. 

Fibrinase Subunits (Band II Antigen, Peak 3 and 4 Eluates) 
The same three fibrinase preparations used for the study of 
active fibrinase were also used for the determination of the sedi- 
mentation coefficient of the subunits (0.6 mg of protein per ml 
in 0.2 m phosphate buffer, pH 7.0). An average value of 4.6 + 
0.2 S was obtained. 

Because of the low concentration of the fibrinase subunits in 
Peak 3 eluates, we did not obtain reliable values for the diffusion 
coefficient by using the modified Oudin procedure. Instead, we 
found that the method developed by Preer (4) gave precise and 
reproducible values, being especially well suited for the study of 
antigens having diffusion coefficients which are close to those of 
the y-globulins of the antibody. Fig. 3 (band II) is a graphical 
representation of the results. Additional experiments were per- 
formed with five Peak 3 eluate preparations giving an average 


equivalence position of 0.51 + 0.03. The diffusion coefficien 
of the antigen was calculated from the following formula (6); 


2 


es VD, 
VD, + VD: 


in which P is the equivalence position, D, is the diffusion coeff. 
cient of the antigen and Dz, is the diffusion coefficient of rabbit 
y-globulin which was assumed to be 3.75 & 10-7 cm? per second 
(21). This gives a diffusion coefficient for the fibrinase syb. 
units of 3.9 + 0.2 x 10-7 cm? per second. 

Table II summarizes the physical measurements performed oy 
fibrinase and the fibrinase subunits. The table also presents 
the calculated molecular weights and frictional ratios (f/fo) for 
these proteins. In all cases, a partial specific volume (v) of 
0.725 was assumed. Although it is premature to do more than 
speculate about the relative reliability of the molecular weight 
values obtained, we feel inclined to favor the middle value of 
350,000, which was obtained with the more conventional hydro. 
dynamic method. This value is supported by the molecular 
weight obtained when one assumes 3 subunits per fibrinag 
molecule. The latter would seem to be a very reasonable as. 
sumption since 2 and 4 subunits would give molecular weights 
outside the range calculated from boundary spreading, gel diffu. 
sion, and electron microscope data. 

The frictional ratios of the fibrinase molecule seem to be high, 
suggesting an unusually high degree of hydration, considerably 
higher asymmetry than is evident in the electron microscope, or 
both conditions. It is possible that, in this instance, drying 
causes a collapse of the molecule with a consequent reduction in 
axial ratio. 

The molecular properties of fibrinase seem to resemble those of 
fibrinogen, in that it appears to be a molecule of approximately 
350,000 molecular weight with an elevated frictional ratio and 
composed of three subunits. Bovine fibrinogen, according to 
Shulman (22), has a molecular weight of 330,000, a fractional 
ratio of 2.34, and according to Hall and Slayter (24), seems to 
be composed of three spherical subunits. 

Fibrinase-Fibrinogen Complex—Fig. 10 gives us an estimate 
of the diffusion coefficient of the fibrinase-fibrinogen complex 
This value (0.58 + 0.17 cm? per second) is only a very impr. 
cise estimate because the concentration of the fibrinase-fibrino- 
gen complex was low, representing only a small percentage 0 
the total protein present. Nevertheless, that this figure is of 
the right order of magnitude was checked by comparing the 
approximate equivalence position of the fibrinase band le- 
fore and after heating. For band I antigen, the equivalence 
position shifts from 0.15 to 0.4. It is premature even to esti 
mate the molecular dimensions of the complex. Diffusion co- 
efficients of this order of magnitude are found among the large 
viruses with molecular weights in the millions. 


DISCUSSION 


The present study is an outgrowth of the previously reported 
immunological work designed to test the purity of fibrinase and 
fibrinogen fractions. As this study has demonstrated, immuno- 
logical methods are useful for the detection of effects such as the 
dissociation of a protein molecule or the association betweel 
protein molecules. Nevertheless, our results in this study should 
be considered preliminary in nature. The molecular dimensiots 
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of fibrinase, its dissociation into subunits, and its interaction 
with fibrinogen can be studied with much greater precision with 
the more conventional hydrodynamic methods. 

It is interesting to note that the molecular parameters of fi- 
prinase resemble those of fibrinogen; it appears to have a slightly 
higher molecular weight and a slightly lower asymmetry. 

It is surprising that the three subunits of fibrinase are not 
capable of regenerating active enzyme, but this observation may 
be in keeping with the distinct immunological and chromato- 
graphic properties of the fibrinase subunits. It would seem that 
some definite and possibly irreversible structural changes occur 
in the subunit upon dissociation of the active enzyme. 

The interaction between fibrinase and fibrinogen may simply 
be a consequence of the fact that the fibrin monomer, which is 
only a slightly modified fibrinogen molecule, is the substrate of 
the enzyme fibrinase. Thus, fibrinogen, although not acted on 
catalytically by fibrinase, already possesses the ability to associ- 
ate with the enzyme. There may be in addition to this a biologi- 
cal function to the fibrinogen-fibrinase complex formation. We 
have observed repeatedly that fibrinase, before removal of 
fibrinogen, maintained its stability for a long period of time and 
often even survived freeze-drying. Fibrinase, by itself, usually 
lost activity with a half-time value of about 2 months, although 
a high percentage of its normal activity could usually be regen- 
erated with cysteine. Freeze-drying was found to destroy the 
activity of purified fibrinase. Such observations lead us to con- 
clude that the formation of the fibrinogen-fibrinase complex has 
the biological function of stabilizing the fibrinase molecule. It 
is, of course, possible that the heat treatment during fibrinase 
fractionation renders the molecule unstable, a possibility that 
could be eliminated by studying the enzymatic stability of the 
reconstituted fibrinase-fibrinogen complex. 


SUMMARY 


It has been shown by gel diffusion and immunoelectrophoretic 
methods that fibrinase dissociates into subunits. This process 
isenhanced by dilution and a variety of other conditions such as 
low pH and heat. On the other hand, cysteine and to a lesser 
extent glycine, alanine and arginine inhibit the dissociation of 
fibrinase. 

The presence under native conditions of a fibrinase-fibrinogen 
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complex has been shown by gel diffusion, immunoelectrophoretic, 
and precipitin methods. This complex is also formed when 
purified fibrinase and fibrinogen are mixed. 

Fibrinase is a protein with an approximate molecular weight 
of 350,000 and a frictional ratio of approximately 1.7. The 
molecular weight of the subunits is approximately 110,000, 
suggesting that the fibrinase molecule is composed of 3 subunits. 
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Fibrinase! is a factor found in blood which, in the presence of 
calcium, is responsible for the formation of insoluble fibrin. 
Since fibrinase can form several thousand times its own weight 
of insoluble fibrin (2), we have concluded that fibrinase is an 
enzyme. Lorand and Jacobsen (1) have shown that the weight 
of fibrin formed depends on the fibrinogen-fibrinase ratio. When 
they measured the amount of insoluble fibrin formed at constant 
time and fibrinase concentration and at variable fibrinogen con- 
centrations, they obtained a precipitin-like curve. The peak of 
this curve defined the optimal fibrinogen-fibrinase ratio for max- 
imal insoluble fibrin formation. Lorand and Jacobsen concluded 
that the fibrinase-fibrinogen interaction was stoichiometric in 
nature and that the fibrinase acted as a copolymer in the forma- 
tion of insoluble fibrin. 

The present study shows that the kinetics of fibrinase action can 
be explained by an enzymatic reaction involving the fibrin mono- 
mer and leading to the formation of an “infinite network.” 

Since the present method of assay for this enzyme does not 
permit the investigation of the early stages of this reaction, no 
attempt was made to carry out a detailed kinetic study. 


EXPERIMENTAL PROCEDURE 


Purified fibrinase (Peak 4 eluate) and fibrinase-free fibrinogen? 
were prepared as described previously (2). Human thrombin 
(100 to 200 units per mg of protein) was used (2). 

The amount of insoluble fibrin formed was measured by in- 
cubating 0.2 ml clots, prepared in the usual manner (2) with 4 
ml of 2% acetic acid for 24 hours, measuring the absorbancy of 
the solvent at 280 my, and subtracting this from the absorbancy 
of an equivalent solution of a soluble clot prepared in the ab- 
sence of calcium. 

Protein concentration was determined by the measurement of 
absorbancy at 280 mu.3 

Other materials and methods to which no reference is made 
here have been described previously (2, 3). 


* This work has been supported by grants from the National 
Heart Institute of the United States Public Health Service and by 
the National Science Foundation. 

1 Fibrinase has been named fibrin-stabilizing factor by Lorand 
and Jacobsen (1). 

2 Fibrinogen was judged to be free of fibrinase contamination if 
it was soluble in 2% acetic acid when incubated for 6 hours after 
clotting in 5 X 10-* m calcium chloride and 5 X 10-? M cysteine at 
pH 7.0 in 0.15 mM ammonium acetate. 

3 The absorbancy indexes (a,) for a protein solution of 10 mg per 
ml and an optical path of 1 cm as previously determined (2) were: 
fibrinase-free fibrinogen 15.9, fibrinase (Peak 4 eluate) 18.3. 


RESULTS 


Conversion Numbers—The approximate weight of fibrin formed 
by a unit weight of fibrinase has been reported previously (2)4 
The following is a more precise study of the conversion numbers 
determined over a wider range of experimental conditions, 

Table I shows the results of an experiment in which conversion 
numbers were determined in the presence or absence of cysteine 
over different periods of incubation and at different fibrinase 
concentrations. Similar experiments were performed with 4 
number of other fibrinase preparations giving results that differed 
mainly in the extent to which the enzyme required cysteine reac- 
tivation. Thus, some preparations gave high activities without 
cysteine and did not increase in activity markedly on the addition 
of cysteine, whereas others (usually older preparations) had very 
low activities in the absence of cysteine but did give high conver. 
sion numbers on addition of cysteine. The data in Table I are 
of this latter type. Glycine was found to have some protective 
effect on fibrinase activity. This fact may be related to our find- 
ing (3) that glycine suppresses the dissociation of fibrinase into 
its inactive subunits. Since our activity test requires the dilv- 
tion of fibrinase to its activity threshold, and since fibrinase is 
unstable at low concentrations, we conclude that the measured 
conversion numbers are lower than those which might be ob- 
tained if it were possible to carry out the assay at high fibrinase 
concentration. 

Effect of Time on Insoluble Fibrin Formation—One of the argu- 
ments in favor of a stoichiometric mechanism for fibrinase action 
is the fact that one obtains a “‘precipitin-like”’ curve which rises 
to a maximum and then drops to zero when the amount of fibrin 
formed is measured at constant fibrinase and at a variety of 
fibrinogen concentrations (1). These results can also be ex- 
plained in terms of an enzymatic mechanism of fibrinase action 
in the following manner. Consider soluble fibrin a gel which can 
be disaggregated into its monomeric units by adding solvent and 
let us proceed to cross-link it with solvent-resistant bonds 
through the action of fibrinase. It is obvious that the first few 
bonds formed at random in the soluble gel will form dimers but, 
as the cross-linking process continues, larger and larger units 
held together by covalent bonds will be formed. If, during this 
initial period, the process is stopped by the addition of solvent, 
then one would expect a soluble clot, 7.e. one which does not 
maintain its integrity but disappears from view, leaving in solu- 
tion a distribution of particles ranging from monomers to aggre- 
gates composed of many monomeric units. If the process of 


4 We define here the conversion number as the weight of i0- 
soluble fibrin formed per unit weight of fibrinase. 
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TaBLeE I T T T T T 
Weight of insoluble fibrin formed per unit weight of fibrinase e . 
£ 60+ 4 
. |Presenceof bati re Insoluble fibri ion N E 
— gi poe Fibrinase used] mee rin! Conversion No. E 
z S 
——E . = | 
hours | mg X 108 mg ——" es 7 
1 0 1 0 0 - 
3 ~ 24 0 0 B20F | | 4 = 
4 0 1 1,600 0.25 160 2 ee | 
5 + 1 270 0.22 810 fT | 
6 + 24 16 0.18 11,000 ee a a on 
ie) io 20 30 40 50 60 
* Conditions of experiment were: 0.1 ml of fibrinogen (1 mg per MINUTES 
ml) and 0.1 ml fibrinase, both dissolved in 0.15 m KCl; pH 7.0; Fic. 1. Rate of insoluble fibrin formation at fibrinogen con 
ormed | cysteine, final concentration, 0.005 m; calcium, final concentra- rs pede z an then te 


: : : trations of 4,6,and8mgperml. Fibrinase peak 4 eluate (10 to 20 
y (2)4 | tion, 0.005 m1; thrombin, 0.01 ml (50 units per ml). Clots contain- ynits per ml) was used in 0.15 m KCl, pH 7.0 at 24-26°. Beginning 
mbers | ing decreasing concentrations of fibrinase were made and, after of each solid line represents the first detected point in time series 
solvent was added, the last clot to stay in solution after 24 hours 





tutio where clot did not go into solution when adding solvent. Dotted 
is of equilibration with solvent (4 ml of 2% acetic acid) was selected, lines were drawn from these points down to the ordinate at a point 
ersioN | snd the amount of fibrin formed was calculated by measuring half way between that measurement and the previous measure- 
ysteine | shsorbancy of solvent in equilibrium with clot. All experiments ment. Experiments were done in quadruplicate. 

rinase | were done in quadruplicate and the values averaged. Clots 

vith a } incubated for 24 hours in cysteine were covered with a layer of 6 T T T 

liffered | mineral oil. 

e reac- 

vithout cross-linking is allowed to continue, a critical density of cross- 

dition links will be reached holding a sufficiently large proportion of " 

id ex. the monomers together in a framework to permit it to maintain 

‘i re structural continuity after the solvent has been added (infinite 


anil network). Hence, it might be expected that, at a given fibrino- 
ur fing. | ge2and fibrinase concentration, the process of insoluble fibrin for- 
se into | mation involves a time lag during which cross-links presumably 
he dilu. | form but no infinite network is yet established. Once the in- 
inase is | finite network has been established one would expect a rise in 
easured | insoluble fibrin formation as more and more of the fibrin particles 2 2 3 . 
_ be ob- | become tied into the insoluble structure. This analysis is anal- FIBRINOGEN (mg/ml) 

ibrinase } ogous to the theory of gel formation developed by Flory (4). Fic. 2. Replotting of the results of Fig. 1 in the manner of 
His theoretical treatment predicts that (a) in gel formation a lag 


Lorand, showing precipitin-like curves but with precipitation 
he argu- } phase occurs and that (b) at the critical point of gel setting the optima shifting towards higher fibrinogen values with increasing 
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: amie . . i 12, 14, 15 minutes). Slope of dotted line is an esti 
oe infinite network may represent only a small weight ropa of Psd en bens Boston ~ cee line of 8 mg per ml curve in Fig. 1 
* | the total material present, the number average molecular weight 
of fibrin | of the entire material being only a few times that of the mono- _ by the rapid and then the slow increase of insoluble fibrin forma- 
riety of mers. Flory’s analysis shows that after gelation there is (c) a tion.® 
ee rapid depletion of the large aggregates in the sol phase, followed The above analysis of insoluble fibrin formation also predicts 
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pores by (d) a slower depletion from the sol phase of the smaller aggre- _ that, at constant fibrinase concentration, the length of the time 
vent and | #8. The difference between insoluble fibrin formation and lag will depend on the fibrinogen concentration, since one would 
a tele the phenomena of gel formation discussed by Flory resides in ©xPect that the formation of a continuous structure would de- 
first few | te fact that in the former case the system, being cross-linked, pend on the density of the bonds, 4, the wae between the 
ners but, | Salready a gel under the conditions of the cross-linking process. pe wi gtomgepey pp ea ~~ ger 6 nceit 
ger units This is necessary because fibrinase will not act in the presence of YOU™®- — : oe ee e a a siete % P af gia 
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does rs ‘an only be detected by subsequent addition of solvent. Al- higher fibrinogen concentrations as the time allowed for the re- 
g in solu- | though the above difference might well be of significance to the action to proceed is increased (Fig. 2). The time dependence 
to aggt- | absolute rates of the reaction, it does not seem to affect the gen- 


yrocess of F eral properties of the phenomenon of insoluble fibrin formation. * This critical point for the formation of the insoluble fibrin had 
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the formation of insoluble fibrin exhibits the lag phase followed sharp transition on which the fibrinase assay relies. 
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Fic. 3. Three-dimensional histogram showing insoluble fibrin 
formation over different times, fibrinogen and fibrinase concen- 
trations. Each black cube represents an insoluble clot. Experi- 
ments were performed in quadruplicate. 
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of these maxima is what would be expected from the kinetic 
model we have suggested above. A stoichiometric precipitin- 
like reaction has a time dependence in the sense that the amount 
of precipitate might increase with time, but one would hardly 
expect a time-dependent shift of the precipitation maximum to- 
wards higher fibrinogen concentrations. 

Effect of Fibrinase Concentration on Insoluble Fibrin Forma- 
tion—If our foregoing analysis of an enzymatic basis for fibrinase 
action is correct, one would predict that (a) the lag. period is 
inversely related to fibrinase concentration and (6) the initial 
rate of insoluble fibrin formation is proportional to fibrinase 
concentration. We performed an experiment in which both 
fibrinogen and fibrinase were varied, but because of the large 
amount of labor involved in determining the amount of fibrin 
formed, we contented ourselves with the visual determination of 
the presence or absence of insoluble clots. Fig. 3 is a three- 
dimensional histogram summarizing the results; each black cube 
represents an insoluble clot formed under the conditions of fibri- 
nase concentration, fibrinogen concentration, and time, indicated 
in the respective coordinates. The results show that the lag 
period is indeed inversely related to fibrinase concentration and 
that the rate of insoluble fibrin formation after the lag period is 
directly related to fibrinase concentration. 

Soluble Fibrin, Substrate of Fibrinase—A likely consequence of 
the copolymerization theory would be the inability of fibrinase 
to transform fully polymerized soluble fibrin into insoluble fibrin. 
This is indeed what Lorand and Jacobsen (1) found. We have 
reinvestigated this problem and have been able to demonstrate 
that fibrinase can act directly on soluble fibrin, showing that the 
latter is in fact the substrate. Thin clots, allowing rapid equili- 
bration by diffusion, were formed with 0.1 ml of fibrinogen by 
using flat-bottomed vials 2 em in diameter. After 1 hour of 
clotting, these fibrin films were washed with 5 volumes of 10 ml 
of 0.15 M ammonium acetate for an over-all period of 12 hours, 
incubated with fibrinase for 6 hours and then tested for solubility 
with 4 ml of 0.2% acetic acid. Table II lists the conditions of 
clotting and incubation that were used in this series of experi- 
ments. The results show that soluble fibrin can be transformed 


Fibrinase. 
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into insoluble fibrin and that calcium is necessary for this rege. 
tion (Experiments 10, 11). The presence of either calcium oy 
fibrinase alone during the clotting process has no effect on the 
latter reaction (Experiments 2, 3, 4, 5). The results also show 
that fibrinase can act in the absence of thrombin; hence, actiyg. 
tion by thrombin is not required. The inactivity of fibrinase jp 
the presence of fibrinogen is, therefore, simply due to the fact 
that soluble fibrin and not fibrinogen is its substrate. 

Effect of Sulfhydryl Inhibitors—It has been shown that sul. 
hydryl inhibitors like CMB and iodoacetate inhibit the forma. 
tion of insoluble fibrin when they are present in the incubation 
mixture (5). The following observations were made with Frac. 
tion 5 fibrinase at a time when the pure Peak 4 eluate was not 
yet available. We present these observations because, even 
though the experiments were performed with fibrinase of 50 to 
60% purity, they are of qualitative significance to the mechanism 
of insoluble fibrin formation. 

The experiments consisted of treating either fibrinase (Frac. 
tion 5) or fibrinogen, with sulfhydryl] inhibitors, followed by ex. 
haustive dialysis. The pretreated components were then tested 
in the presence of their untreated partners to determine whether 
they had become permanently inactivated. Table III sun. 
marizes the results of these experiments. It shows that (a) 
fibrinase can be inactivated by very low concentrations of CMB, 
or by relatively high concentrations of silver ion, but not at all 
by iodoacetate, (0) fibrinogen is inhibited at relatively high con- 
centrations of CMB and not at all with silver ion and iodoace- 
tate. The clotting mixture is inhibited from forming insoluble 
fibrin with low concentrations of both silver and CMB and with 
iodoacetate. These experiments show that the individual com- 
ponents have very different inhibition characteristics from the 
actual system in operation. This would suggest that new sulf- 
hydryl groups appear during the action of fibrinase which had 
hitherto not been available to these reagents. It should be 
noted that both in the cases of fibrinogen and fibrinase inacti- 




















TaBLeE II 
The conversion of soluble fibrin to insoluble fibrin 

| Reagents | - 
Experiment | _ CaCl, | Cysteine, | EDTA, | Fibrinase, | Fibrinase, | 33 
No. [5 orem 5X 10-¢m| 10m | 0.05 mg | 0.005 mg | ot 
| | | “sae 
| a° aja |e fale fale fais 
eS ee ee a a ee a a 

ie” 
1 | | | | | | | 0 
2 | +] | | | | i 
3 | + ae | | ¢ 
4 | ; j++] [+] | 0 
5 | I }+l | | f+t qe 
6 | + | | + | | + 
7 | + | | “— | t 
8 | o>). 2% \¢ 
9 i+ + | +} 0 
11 +/+| | | | | | J4t4 
12 + | 1 | Pe | | 0 
13 + +? 1+ | | oe 
14 +i+] | | p+) 4 ae 
15 oe | | | +|t 





* A, reagents present during clotting. 
+ B, reagents added to washed fibrin. 
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yated by pretreatment with silver ion and CMB, subsequent 
pretreatment with cysteine or its presence in the clotting mixture 
reversed the inactivation. 


DISCUSSION 


We have shown that the theory of gel formation developed by 
Flory (4) can be applied to the kinetics of insoluble fibrin forma- 
tion. It seems as if the critical gel point of the Flory theory 
and the formation of an insoluble fibrin clot, are both manifesta- 
tions of the same basic phenomenon, namely the initiation of an 
infinite network. Thus, it was possible to show that in the for- 
mation of insoluble fibrin, an initial lag period, duing which no 
insoluble fibrin was formed, was followed by a phase of rapid 
inerease, passing over finally into a phase of slow insoluble fibrin 
formation. The length of the lag period was found to be pro- 
portional to the fibrinogen-fibrinase ratio. This is so because 
the higher the fibrinogen-fibrinase ratio the longer the time neces- 
sary to achieve the bond density required for an infinite network. 
The above relationship is responsible for the precipitin-like 
curves observed by Lorand and Jacobsen (1). That these curves 
do not represent a true stoichiometric relationship is shown by 
the decided shift of the maxima towards higher fibrinogen-fibrin- 
ase ratios with time. This is due to the enzymatic basis of this 
reaction that, given sufficient time, can transform large amounts 
of soluble fibrin into insoluble fibrin. The precipitin-like curves 
seem, therefore, to be merely the result of our inability to meas- 
ure the rate of cross-linking during the lag period preceding the 
initiation of an infinite network. 

A more detailed kinetic analysis of fibrinase action will have 
to await the use of a more direct approach capable of following 
fibrinase activity in the early stages of the reaction. 

The brief inhibition studies reported here are consistent with 
the theory that the action of fibrinase initiates a disulfide ex- 
change reaction cross-linking the fibrin monomers (5). Such a 
theory would require that during the disulfide exchange reaction, 
new sulfhydryl groups, previously found as partners in intra- 

| molecular disulfide bonds, are temporarily liberated. If this 
| indeed occurred, it would not be surprising that these new groups 
had different inhibition characteristics than the groups present 
in the original molecules. The total inactivity of both fibrinase 
and fibrinogen towards iodoacetate and the ready inhibition of 


5 | fibrin i formation when this inhibitor is found in the reaction 


mixture, strongly favors the view that reactive sulfhydryl groups 
appear during the progress of the reaction. The recent demon- 
strations (6-8) that alkylating reagents like iodoacetate react 
with methiony] residues and with the imidazole groups of histidy] 
residues do not seem to weaken this conclusion. These are 
relatively slow reactions requiring much higher concentrations 
of the alkylating reagent and much longer times than do sulf- 
hydryl groups of usual reactivity. Thus, for instance, Korman 
and Clarke (9) report that 86% of 0.25 m histidine will react 
with 0.2 m iodoacetate at 37° over a period of 72 hours at pH 7. 
In our studies, we employed 100 to 200 units of fibrinase and 
incubated these for 1 hour. Since we are able, under these condi- 
tions, to detect 1% of this amount of fibrinase activity, it is 
necessary for the reaction to go to better than 99% completion 
before we observe inhibition. Therefore, with our system the 
‘alkylation reaction goes to completion in less than 1 hour with 
5X 10~¢ m iodoacetate at 25°. Even the highly reactive histidy] 
stoup of ribonuclease is considerably less reactive than that (6). 

Another observation, which strongly supports the notion that 
the iodoacetate sensitivity of the clotting mixture is due to the 
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TaBLeE III 
Molar concentration required for inactivation* 
Material Agt Todoacetate CMB 
Fibrinase (Fraction 5)| 1.2 & 10-5 Not 2X 1077 
inactivated 
Fibrinogen (Fraction 
cree eg oe Os Not inacti- | Not inacti- 5 X 10-5 

vated vated 

Clotting mixture..... 3 X 10-* | 5 X 10-4 6 X 107 








* By inactivation in the case of fibrinase or fibrinogen pretreat - 
ment we mean incapability of forming insoluble clots after prep- 
aration has been dialyzed three times for 12 hours against 1000 
volumes of 0.15 M ammonium acetate. 


appearance of more highly reactive sulfhydryl groups, is (Table 
III) that the incubation mixture is also much more sensitive to 
silver ion inactivation than are either fibrinogen or fibrinase 
separately. This enhanced sensitivity of sulfhydryl groups to 
iodoacetate and silver ion is consistent with the disulfide inter- 
change theory, which requires the temporary liberation of sulf- 
hydryl groups previously involved in intramolecular disulfide 
bonds. 
SUMMARY 


Results of preliminary kinetic studies of insoluble fibrin forma- 
tion were found to be consistent with an enzymatic model for 
fibrinase action. This model requires that a minimal density of 
solvent-resistant bonds must form before the clot is sufficiently 
cross-linked to maintain its over-all structure when treated with 
solvent. The occurrence of this critical point of infinite network 
formation explains the precipitin-like curves obtained by Lorand 
and Jacobsen without having to resort to a copolymerization 
mechanism for the fibrinase-fibrinogen interaction. The shifting, 
with time, of the insoluble fibrin maxima towards higher 
fibrinogen-fibrinase ratio are also consistent with a catalytic 
model but cannot be explained by a theory of copolymerization. 

The measurement of high conversion numbers (1 mg of fibrin- 
ase can form 11,000 mg of insoluble fibrin) and the fact that 
fully polymerized soluble fibrin is the substrate for fibrinase, were 
both considered to constitute evidence in favor of an enzymatic 
mechanism for fibrinase action. 

By study of the effects of various sulfhydryl inhibitors on (a) 
fibrinase alone, (b) fibrinogen alone, and (c) the incubation mix- 
ture during clotting it is inferred that more highly reactive 
sulfhydryl groups are liberated as clotting proceeds. It is sug- 
gested that such groups might be liberated by a disulfide ex- 
change reaction during the formation of insoluble fibrin. 
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Fibrinase is a calcium-activated enzyme responsible for the 
transformation of the soluble fibrin s into the insoluble fibrin 7 
(1, 2). Solubility has in the past been defined as dispersion in 
0.01 n sodium hydroxide (3), 0.01 n hydrochloric acid (4), 5 M 
urea (5), 2% monochloroacetic acid (6), or 2% acetic acid (7). 
Loewy and Edsall proposed that the formation of insoluble fibrin 
is brought about by a disulfide exchange mechanism whereby 
intramonomer disulfide bonds exchange to form intermonomer 
disulfide bonds (8). The hitherto scant lines of evidence in 
support of this hypothesis are as follows. (a) Fibrin 7 is in- 
soluble in all solvents that do not break the known covalent 
bonds in protein molecules. This suggests that covalent bonds 
are established during the formation of insoluble fibrin. (6) 
Thioglycolate in the presence of urea has been reported to dis- 
solve fibrin 7 (9). This suggests that the new covalent bonds are 
disulfide bonds. (c) Both fibrinogen (10) and soluble fibrin 
contain less than one sulfhydryl group per molecule.! This rules 
out fibrin 7 formation by sulfhydryl oxidation and suggests that 
disulfide exchange is the mechanism by which intermonomer 
disulfide bonds are formed. (d) Fibrinogen and fibrinase are 
not inactivated by pretreatment with iodoacetate, but this 
reagent inhibits the formation of fibrin 7 when present in the 
reaction mixture (1). This observation is consistent with the 
disulfide exchange mechanism which requires the liberation of 
new sulfhydryl groups during the exchange process. 

Our inability to repeat Lorand’s observation (9) that insoluble 
fibrin can be dissolved in a mixture of thioglycolate and urea led 
us to a detailed investigation of the solubility of fibrin. By 
studying the “solubility profiles’ of fibrin formed under a variety 
of conditions, we have been able to demonstrate the existence of 
an intermediate form which we have named “stabilized fibrin.” 
It has also been possible to obtain some information regarding 
the nature of the bonds cross-linking soluble, stabilized, and 
insoluble fibrin. 


EXPERIMENTAL PROCEDURE 


Fibrinase (Peak 4 eluate), fibrinogen low in fibrinase activity 
(Fraction 8), and fibrinase-rich fibrinogen (Fraction 3) were pre- 


* This work has been supported by grants from the National 
Science Foundation and the National Heart Institute of the 
United States Public Health Service. 

1 This observation has been confirmed by us. Using the Ben- 
esch amperometric titration method (11), we were able to detect 
only 1 mole of sulfhydryl per 1.6 X 10° g of native fibrinogen 
(Fraction 8) and 1 mole of sulfhydryl per 7 X 10° g of the same 
fibrinogen in 5 mM urea. Soluble fibrin dissolved in 5 m urea had 1 
mole of sulfhydryl in 8 X 105 g of protein. 
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pared by the method of Loewy, Dunathan, Kriel, and Wolfing: 
(7). 

“Solubility profiles” were established by determining whether 
a series of fibrin clots were dispersed in solutions of variable pH) 
and solvent concentration. Fibrin clots were prepared by mix. 
ing in a 10-ml test tube 0.1 ml of fibrinogen (2 mg per ml), pH 
7.0, dissolved in 0.15 m sodium chloride; 0.1 ml of solution at pH 
7.0 containing the reagent used in a given experiment (e.g. cal- 
cium chloride, EDTA, cysteine or sodium sulfite); and 2.5 units 
in 0.01 ml of human thrombin (100 to 200 units per mg of pro-| 
tein). Incubation of the clotting mixture took place at room 
temperature for specified lengths of time, after which 2 ml of 
various solvent concentrations and 0.2 ml of buffer mixtures of 
differing pH values were added to the clots. These were de- 
tached from the test tubes with a fine metal spatula, and the 
tubes were tightly sealed with rubber stoppers and stored at 
room temperature. Periodic readings of the presence or absence 
of clots were made, usually over a span of 48 hours. As a rule, 
no changes were observed to occur after 24 hours of incubation 
with solvent. Finally, the pH values of the supernatant in each 
test tube were measured and the presence or absence of clots 
were plotted as “+” or “0” signs as shown in Fig. 1. The solu- 
bility profile represents an area formed by a line which is drawn 
to enclose all the + signs and exclude all the 0 signs. Thus, 
the solubility profile encloses a range of solvent concentrations| 
and pH values at which the fibrin clot is not completely dis 
persed by the solvent. To facilitate the reading of these solu- 
bility profiles, we introduced shading on the side of the boundary 
that encloses the insoluble clots. 

Two types of buffer mixtures were used in the course of these 
experiments. Buffer mixture A was prepared by mixing | ¥ 
solutions of Tris, sodium acetate, monobasic sodium phosphate, 
dibasic sodium phosphate, and glycine. These buffer mixtures 
were divided into 12 aliquots and adjusted to pH values of 1.0, 
2.0, 3.5, 4.5, 5.5, 6.5, 7.5, 8.0, 8.5, 9.0, 10.0, and 11.0 with con- 
centrated hydrochloric acid or 10 N sodium hydroxide. When 
0.2 ml of the 1 m buffer mixtures was added to the 0.2 ml oi 
fibrin and 2 ml of solvent, some changes in pH occurred, & 
pecially at the acid and alkaline extremes of the range. We 
therefore found it desirable to determine the pH for each solution 
at the end of the experiment. 

The ratio of clot to solvent volume of 1:10 (0.2 ml of clot 
containing 2 mg of fibrin and 2.2 ml of solvent) was chosen after 
a variety of ratios were tried with soluble fibrin clots at pH 6 and 
8 over a range of urea concentrations. It seemed that the us 
of clot to solvent volume ratios of 1:20 and 1:40 did not modify 
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the results obtained with 1:10 ratios. We concluded that the 
transition with rising solvent concentration from insoluble to 
soluble clots is so abrupt that the effect is virtually unmodified by 
yariations in solvent volume. 

Because of the use of the detergent SDS,? it was necessary to 
exclude potassium from these experiments; therefore, sodium 
salts were used throughout. Whenever necessary, protein prep- 
arations containing potassium chloride were dialyzed exhaustively 
against 0.15 M sodium chloride. 

SDS and CTAB were obtained from Dr. Fred Karush. 

A Beckman model G pH meter was used with a special type E 


| glass electrode for measurements in the alkaline region. 


RESULTS 


Soluble and Insoluble Fibrin 


Fig. 1 is a solubility profile of “soluble fibrin” in urea. It will 
be seen from another experiment (Fig. 3) that the fibrinogen 
(Fraction 8) used contained very small traces of fibrinase. To 
avoid the effect of this slight fibrinase contamination, the fibrino- 
gen was clotted in the presence of 10-*m EDTA. The solubility 
profile shows that soluble fibrin is a very weak gel which is dis- 
persed in buffer at pH values below 5 and above 9. At its 
solubility minimum (pH 8 to 8.5), it is dispersed at the relatively 
low solvent concentration of 1 M urea. 

Fig. 2 is a solubility profile of “insoluble fibrin’ formed by 
clotting fibrinase-rich fibrinogen (Fraction 3) in the presence of 
5 X 10° m calcium chloride. This form of fibrin, generally 
called “insoluble fibrin,’”’ is dispersed in urea only at high pH 
values. 


Transition to Insoluble Fibrin 


Intermediate stages of fibrin solubility can be obtained by 
using (a) fibrinogen preparations containing traces of fibrinase 
(Fraction 8) and incubating with calcium and cysteine for vary- 
ing periods of time or (b) by adding to the fibrinogen (Fraction 
8) various amounts of fibrinase at constant incubation time. 
Figs. 3 and 4 represent solubility profiles obtained by the first and 
second procedure, respectively. Both experiments show that 
the action of fibrinase has two initial effects: (a) the pH 8 to 9 
peak increases in height and area without any gross pH shift in 
the solubility minimum, and (b) a new region of clot stability 
appears at low pH. It should be noted that the measurement 
of the solubility minimum at pH 8 (Figs. 3 and 4) permits the 
detection of traces of fibrinase which would escape detection if 
the criterion of solubility in 5 m urea alone were used. Fig. 4 
shows clearly the transition between early and late stages in the 
formation of insoluble fibrin, the early stages being comparable 
to those depicted in Fig. 3 and the final form being identical 
with the one shown in Fig. 2. 

Fig. 5 shows a solubility profile of a fibrin clotted in 0.9 m 
KCl. It seems that at high ionic strength, fibrin stability at low 
pH develops very much more rapidly than at low ionic strength. 
Conversely, fibrin stability in the pH 8 to 9 region develops more 
slowly at high ionic strength than at low ionic strength. 


Stabilized Fibrin 
Fig. 6 represents a study of the rate of change of the solubility 
profile of insoluble fibrin. We had noticed that this process was 


*The abbreviations used are: SDS, purified sodium dodecyl 
sulfate; CTAB, cetyl trimethyl ammonium bromide. 
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Fic. 1. Solubility profile of soluble fibrin in urea. Fibrinogen 


(Fraction 8) was clotted for 1 hour in the presence of 10-*m EDTA. 
Clots were incubated at room temperature for 12 hours in urea and 
buffer mixture A. For symbols, see text. 

Fic. 2. Solubility profile of insoluble fibrin in urea. Fibrinase- 
rich fibrinogen (Fraction 3) was clotted for 1 hour in the presence 
of 0.005 m calcium chloride. Clots were incubated at room tem- 
perature for 48 hours in urea and buffer mixture A. 
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Fic. 3. Solubility profiles of intermediate forms of fibrin in 
urea. ——, fibrinogen (Fraction 8) clotted and incubated for 24 
hours in the presence of 0.005 m calcium chloride; - — - -, fibrinogen 
(Fraction 8) clotted and incubated for 24 hours in the presence of 
calcium chloride and 0.05 m cysteine. In both cases, clots were 
incubated at room temperature for 48 hours in urea and buffer 
mixture A. 

















Fic. 4. Solubility profiles of intermediate forms of fibrin in urea. 
Fibrinogen (Fraction 8) was clotted for 1 hour in the presence of 
0.005 m calcium chloride and varying amounts of fibrinase (Peak 4 
eluate). ——, formed by 2.5 ug per ml; ----, by 5.0 ug per ml; 
and ----- -, by 10 wg per ml of fibrinase. Clots were incubated 
at room temperature for 48 hours in urea and buffer mixture A. 
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a much slower phenomenon than comparable changes observed 
with soluble or intermediate forms of fibrin. It occurred to us 
that the dispersion in urea of insoluble fibrin at high pH might be 
brought about either by disulfide hydrolysis (12) or by disulfide 
exchange (13). To test either of these hypotheses, we studied 
the rate of movement of the boundary in the alkaline region of 
the solubility profile, using fibrin clotted in the presence of 
cysteine or sodium sulfite. We were able to show that in fibrin 
preparations clotted in the presence of the disulfide-cleaving 
reagents, the alkaline boundary of the solubility profile achieved 
its final position much more rapidly than their respective con- 
trols. Fig. 7 shows the results of one such experiment performed 
with fibrin clotted in the presence of 0.005 m cysteine which after 
5 hours of equilibration with solvent achieved a boundary posi- 
tion comparable to the 16-hour position in Fig. 6, whereas the 
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Fig. 5. Solubility profiles of intermediate forms of fibrin_in 
urea, clotted at high ionic strength. Fibrinogen was clotted in a 
final concentration of 0.9m KCl. Otherwise conditions were the 
same as those described in Fig. 4. 
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Fic. 6. Solubility profiles of insoluble fibrin in urea determined 
after various lengths of incubation time in solvents of varying pH 
and urea concentration. Fibrinase-rich fibrinogen (Fraction 3) 
was clotted for 1 hour in the presence of 0.005 m calcium chloride. 
The presence or absence of clots was determined after 1, 9, and 16 
hours of incubation at room temperature in urea and buffer mix- 
ture A. 

Fia. 7. Solubility profiles in urea of fibrin clotted in the pres- 
ence and absence of cysteine. Fibrinase-rich fibrinogen (Fraction 
3) was clotted for 1 hour in 0.005 m cysteine. Clots were incubated 
at room temperature for 5 hours in urea and buffer mixture A. 
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Fic. 8. Solubility profiles of stabilized and insoluble fibrins in 
SDS. Fibrinase-rich fibrinogen (Fraction 3) was clotted for | 
hour in 0.005 m calcium chloride and 0.05 m sodium sulfite. Clots 
were incubated at room temperature for 48 hours in SDS and 
buffer mixture B. 


boundary of the control experiment, clotted in the absence of 
cysteine, lagged far behind. 

Thus, we have observed that treatment with cysteine or sul- 
fite causes a change in the insoluble fibrin which renders it sus- 
ceptible to rapid dispersion in 2 to 6 M urea at pH values of 9.5 
to 10.5 (stabilized fibrin’). In the absence of cysteine or sulfite, 
insoluble fibrin is obtained which is dissolved by 2 to 6 m urea 
above pH 9.5, but this requires prolonged exposure to the alka- 
line urea solvent. We suggest that the difference between the 
rapidly soluble (stabilized) fibrin and the slowly soluble (in- 
soluble) fibrin is the absence or presence, respectively, of inter- 
monomer disulfide bonds. In the presence of cysteine or sulfite, 
such disulfide bonds are presumably cleaved or prevented from 
forming, so that this form of fibrin is rapidly soluble in urea at 
alkaline pH. The solubilization of insoluble fibrin, however, 
requires prolonged treatment at alkaline pH which presumably 
causes disulfide hydrolysis possibly accompanied by some di- 
sulfide exchange. 


' 
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The criterion for the detection of stabilized fibrin, namely the | 
increased rate of solution at high pH, is an inconvenient one | 


because it involves the overlapping of two effects that occur at 
high pH: (a) the cleavage of intermonomer disulfide bonds by 


hydrolysis or exchange, and (6) the dispersion of the clot pre- | 


sumably by net negative charge. It would be convenient if it 


were possible to separate these two effects, so that “equilibrium” | 
instead of “kinetic” criteria could be used. The anionic deter- | 


gent, SDS proved to be an excellent reagent for this purpose. 
Binding of the anionic detergent gives the fibrin monomer, at 
relatively low pH, a negative charge normally encountered only 
at high pH. Thus, at pH 8 in the presence of the detergent, the 
fibrin is in a pH region where disulfide hydrolysis does not occur, 
yet sufficient charge is accumulated by SDS binding to disperse 
the stabilized fibrin clot. Fig. 8 shows that, unlike the insoluble 
fibrin control, stabilized fibrin is indeed dispersed by SDS at 
relatively low pH values. In this instance, the stabilized fibrin 


3 We will call fibrin clotted in the presence of fibrinase, calcium 
and a disulfide-cleaving reagent ‘‘stabilized fibrin.’’ In 6 M urea, 
this fibrin is insoluble at pH 8 but rapidly soluble at pH 9.5. 
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was formed by clotting in the presence of sulfite. The solubility 
profiles obtained permit us to devise a simple test for stabilized 
fibrin, namely solubility in 0.05 m SDS at pH 8.0 and insolubility 
in 5 M urea at pH 8.0. 

Stabilized fibrin can also be obtained by reversing the forma- 
tion of insoluble fibrin through subsequent treatment with 
cysteine or sulfite. The procedure usually used was to bathe 
02 ml of insoluble fibrin clots in 2 ml of 0.15 m NaCl containing 
0.01 m cysteine or sodium sulfite at pH 7.0. Fibrin treated in 
this manner was also soluble in 0.05 m SDS at pH 8.0 and in- 
soluble in 5 M urea at pH 8.0. 

Upon standing, stabilized fibrin is converted into insoluble 
fibrin. This reaction is rapid with cysteine-treated and rela- 
tively slow with sulfite-treated fibrin. When stabilized fibrin 
clots are washed free of cysteine or sulfite with several changes of 
0.15 m KCl, more rapid conversion to insoluble fibrin is observed. 
Cysteine-treated fibrin requires 3 hours and sulfite-treated fibrin 
requires 12 hours to be converted to insoluble fibrin. The re- 
versal of disulfide reduction, which had been produced by thiol 
reagents, has been reported on numerous occasions (12). The 
reversal of disulfide cleaving with sodium sulfite has also been 
previously observed (14-16). The formation of insoluble fibrin 
from stabilized fibrin obtained by treatment with cysteine can 
be prevented by washing the fibrin with large volumes of 0.0005 
u iodoacetate. We found to our surprise that stabilized fibrin 
formed by the action of sulfite could be prevented from forming 
insoluble fibrin by washing with large volumes of 0.0005 m EDTA. 
This effect may be explained by the observation that cupric ion 

| catalyses the oxidation by sulfite of thiol groups to thiosulfate 
(15). Since this reaction is known to be reversible, it is con- 
ceivable that the reverse reaction which occurs when sulfite is 
washed out of the system, is also catalyzed by cupric ion. Ac- 
cording to this explanation, EDTA acts by removing traces of 
cupric ion, catalyzing the formation of sulfhydryl from thiosul- 
fate. 
The above experiments performed with stabilized fibrin formed 
| by treating insoluble fibrin with sulfites or cysteine were repeated 
with stabilized fibrin formed by including these reagents in the 
fibrinogen-fibrinase-calcium clotting mixture. Identical results 
were obtained, indicating that the formation of insoluble fibrin 
from stabilized fibrin is reversible. 


nely the | 


ient one | 


occur at 
onds by 
slot pre- 
ent if it 


librium” | 
ic deter- | 


purpose. 
omer, at 
red only 
gent, the 
ot occur, 
| disperse 
insoluble 
SDS at 


red fibrin | 


, calcium 
6 M urea, 
H 9.5. 


Some Additional Solubility Profiles 


As we have seen, stabilized fibrin can be dispersed with an 
anionic detergent which presumably increases the negative charge 
on the fibrin monomers. It is therefore likely that stabilized 
fibrin will also be dispersed by a cationic detergent. Fig. 9 shows 
that this is the case, but that the solubility profile of stabilized 
fibrin in CTAB is of a more complex nature. There are two 
pH regions (7 to 10 and 2 to 4) in which the clots are soluble in 
0.05 m detergent. 
) The extreme resistance of stabilized fibrin to dispersion in urea 
can be reduced by raising both temperature and urea concentra- 
tion. Fig. 10 is a solubility profile in urea at 45° of stabilized 
fibrin obtained by clotting in the presence of sulfite. It shows 

that at the higher temperature, stabilized fibrin is urea-soluble 
| at low pH as well as high pH. Insoluble fibrin on the other hand 
| isinsoluble at 45° over the entire pH range of 2.2 to 9.5 in 8.3m 

urea and even in a solution consisting of 8.3 M urea and 1 m SDS 

at45°. Figs. 11 and 12 represent the remaining permutations of 
| solubility profiles which can be determined by using the three 
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Fic. 9. Solubility profile of stabilized fibrin in CTAB. Fi- 
brinase-rich fibrinogen (Fraction 3) was clotted for 1 hour in 
0.005 m calcium chloride, in the presence of 0.05 m sodium sulfite. 


Clots were incubated at room temperature for 48 hours in CTAB 
and buffer mixture B. 
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Fig. 10. Solubility profile of stabilized fibrin in urea at 45°. 
Fibrinase-rich fibrinogen (Fraction 3) was clotted for 1 hour in 
0.005 m calcium chloride, in the presence of 0.05 m sodium sulfite. 
Clots were incubated at 45° for 48 hours in urea and buffer mixture 
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Fig. 11. Solubility profile of soluble fibrin in SDS. Fibrinogen 
(Fraction 8) was clotted for 1 hour in the presence of 10-‘ m EDTA. 
Clots were incubated at room temperature for 48 hours in SDS and 
buffer mixture B. 
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Fig. 12. Solubility profile of soluble fibrin in CTAB. Fi- 
brinogen (Fraction 8) was clotted for 1 hour in the presence of 104 
MEDTA. Clots were incubated for 48 hours at room temperature 
in CTAB and buffer mixture B. 


forms of fibrin and the three types of solvent. These are solu- 
bility profiles of soluble fibrin in SDS and CTAB, respectively. 
It should be noted that these curves illustrate a phenomenon not 
encountered in the previous solubility profiles. This is the 
initial reduction in fibrin solubility by relatively low concentra- 
tions of detergent. Thus, it should be noted that SDS reduces 
fibrin solubility in the acid region and CTAB reduces fibrin 
solubility in the alkaline region. 


DISCUSSION 


We have established the existence of three forms of fibrin 
differing significantly in their solubility properties. 

1. Soluble fibrin obtained by clotting fibrinogen in the presence 
of EDTA can be recognized by its solubility in buffer at pH 
values below 4.5 and 9 and by its solubility in 1 m urea at pH 8. 

2. Stabilized fibrin obtained by clotting in the presence of 
fibrinase, calcium, and cysteine or sulfite, is insoluble in 6 m urea 
at pH 8 but soluble in 10-2 m SDS at the same pH. 

3. Insoluble fibrin obtained by clotting in the presence of 
fibrinase and calcium is insoluble even in 8 M urea dissolved in 
1 mM SDS at 45°, at all pH values between 2.2 and 9.5. 

We now consider in some detail the shape of the solubility 
profiles we have presented, in order to obtain some information 
as to the nature of the bonds involved in the stabilization of these 
gels. 


Soluble Fibrin 


The solubility profile of soluble fibrin in urea (Fig. 1) shows 
that this gel is stabilized by very weak bonds capable of being 
ruptured by low concentrations of urea and by rather small 
changes in net positive or negative charge on the fibrin frame- 
work. The shape of the solubility profile is in agreement with 
the view of a number of investigators (17-19), particularly 
Scheraga and his group (20), that soluble fibrin is cross-linked 
with hydrogen bonds between uncharged histidyl acceptors and 
uncharged tyrosyl donors. One would expect that a gel cross- 
linked by this type of hydrogen bond would have a solubility 
minimum at a pH value where the maximal number of bonds 
occurred, namely, at approximately pH 8.5, which is halfway 
between the pK values of the histidyl and tyrosyl groups. The 


Fibrinase. 


IV Vol. 236, No. 19 
steeper downward slope of the solubility profile on the alkaline 
side of the peak is explainable in terms of the additional effec 
of increasing negative charge. 

The solubility profile of soluble fibrin in SDS (Fig. 11) illus. 
trates nicely the effect of detergent binding and charge on fibrip 
dispersal. The interesting aspect of this diagram is the larg | 
area of insolubility in regions of low pH. Let us for exampk 
consider what happens in the pH 3 region. At this pH, as we | 
have already seen, soluble fibrin is dispersed in buffer presumably | 
because of a net positive charge. In 0.0005 m SDS, however, 
the positive charge is sufficiently neutralized to stabilize the 
fibrin. In 0.005 m SDS, it would appear that further detergent 
binding generates a net negative charge of sufficient magnitude 
to disperse the clot. Since it is very unlikely that at pH 3 ther | 
can be any tyrosyl-histidyl hydrogen bonds, the presence of un- | 
dispersed clots at that pH suggest at least one other type of weak 
bond capable of existing in the pH 2 to 4.5 region. These bonds 
seem to be sufficiently weak to be ruptured in buffer by the net | 
positive charge, which is attained below pH 4.5. The shoulder 
in the pH 6 to 8 region of the SDS solubility profile would appear 
to be due to the hydrogen bonds of the histidyl-tyrosy] inter. | 
action mentioned above. 

The solubility profile of soluble fibrin in CTAB (Fig. 12) is | 
essentially a reverse of the SDS profile. Here, binding of the 
cationic detergent at alkaline pH causes a stabilization of the 
gel. CTAB does not appear to be bound as readily as SDS, » | 
that dispersal by charge reversal only occurs when the negative 
charge on the protein is reduced by lowering pH. Here again, 
there is a marked shoulder in the curve but its presence as far | 
down as pH 6.5 suggests that CTAB binding in the vicinity of 
histidyl groups lowers the pK of these groups, thus extending 
the tyrosyl-histidyl hydrogen bond interaction to lower pH 
values. 

In summary, our observations on soluble fibrin suggest that 
this form of fibrin is cross-linked with (a) hydrogen bonds be- 
tween histidyl and tyrosyl groups which can be disrupted with 
urea, and (6) other bonds of unknown character which are nor- | 
mally ruptured by excess net negative or positive charge. 





Stabilized Fibrin 

The solubility profile of stabilized fibrin in urea (Fig. 7) shows | 
why we were at first unable to repeat Lorand’s (9) observation 
that insoluble fibrin dissolves in a mixture of thioglycolate and | 
urea. It shows that stabilized fibrin is soluble in 5 m urea only 
at pH values above 10. Presumably, Lorand’s experiments were 
carried out at alkaline pH, whereas our attempts to repeat thes | 
observations were carried out at neutral pH. 

The solubility profile of stabilized fibrin in urea at 45° (Fig. | 
10) shows that the combined effect of elevated temperature and | 
net positive charge eliminates the interaction at low pH which 
can be observed in Figures 3, 4, and 7. The remarkable r- 
sistance to disaggregation by urea of stabilized fibrin at neutral } 
pH, even in 8 M urea, suggests that hydrogen bonds are not il- | 
volved in this interaction. 

The solubility profile of stabilized fibrin in SDS (Fig. 8) shows 
a startlingly rapid transition at pH 6 to7. At pH 2.5, 1 m SDS 
does not appear to bind in sufficient quantities so as to reverse | 
the charge and disperse the clot. Within 1 pH unit between pH6! 
and 7, SDS is able to disperse the clot at 0.01 m. It seems to. 
us unlikely that the loss of positive charge of the histidyl groups | 
alone, with a consequent increase in net negative charge, could | 
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account for such an extensive change in solubility properties. 
We suggest that this remarkable solubility of stabilized fibrin in 
SDS may be due to the rupture of hydrophobic bonds (21) es- 
tablished during the formation of stabilized fibrin. The pres- 
ence of such bonds would explain the previously noted insolu- 
bility in 8 M urea at 45°. Such hydrophobic bonds would be 
ruptured by excessive net positive and negative charge but not 
The region of insolubility below pH 7 in SDS (Fig. 8) 
could be due to a combination of factors: (a) excessive net posi- 
tive charge is not developed due to SDS binding; (6) hydrogen 
bonds involving the previously suggested uncharged carboxyl 
groups are not ruptured by SDS; (c) SDS binding raises the pK 
of the carboxyl groups to higher pH values; (d) the involvement 
of the carboxyl groups in hydrogen bonding may also contribute 
to the raising of their pK values. Thus, the rapid transition of 
the solubility profile at pH 7 may be due to the combined effect 
of the dissociation of carboxyl groups resulting in the rupture of 
hydrogen bonds, the appearance of negative charges and the 
disappearance of positive charges due to the dissociation of 
histidyl groups. 

The solubility profiles in urea of fibrin in the process of transi- 
tion from soluble to insoluble fibrin (Figs. 3, 4, and 5) are useful 
because they provide information on the primary effects of fibri- 
nase. It is clear that one effect of fibrinase is to increase con- 
More his- 
tidyl-tyrosyl bonds may be formed but, it is also possible that 
new hydrogen bonds involving the interaction of histidyl and 
lysyl «amino groups might be involved (22-25). The action of 
fibrinase also reveals a stabilization at low pH. This could be 
due to hydrogen bonds involving uncharged carboxyl groups as 
the donors. The velocity with which the low and intermediate 


_ pH stabilizations develop is markedly dependent on the ionic 
} strength of the clotting mixture. 


Low ionic strength favors the 
pH 5 to 9 stabilization and high ionic strength favors the pH 2 
to 4 stabilization. Since it is known that high ionic strength 
favors end to end association during the clotting process (26-28), 


it is possible that the low pH stabilization involves the end to 


end interactions of the monomers in the fibrin clot. 

The solubility profile of stabilized fibrin in CTAB (Fig. 9) is 
of considerable complexity. In the region of pH 9 to 11, 0.05 
«CTAB stabilizes the clot, presumably by lowering net negative 
charge. At higher concentrations of CTAB (0.1 m) we have 
clot dispersal, presumably by increased binding and charge re- 
versal. This dispersal becomes increasingly effective as the pH 
is lowered from 11 to 8. The massive peak between pH 8 and 
3 may be in part due to the histidyl-tyrosyl hydrogen bonding 
with the maximum shifted to lower pH values because of the 
eflect of CTAB binding on the pK values of histidyl groups. 
It may also in part be due to the above mentioned hydrophobic 
bonds which may be less susceptible to CTAB than to SDS. 
One might imagine hydrophobic regions with neighboring posi- 
tive charges to account for this difference in the effect of CTAB 
and SDS. 

Finally, the stability below pH 3 (Fig. 9) previously encoun- 
tered in Figs. 3, 4, and 5 can be similarly explained by hydrogen 
bonds involving uncharged carboxyl groups. The pK of these 
groups is apparently lowered by the effect of CTAB binding in 
their vicinity. 

In summary, the solubility profiles of stabilized fibrin can be 


yl groups explained by assuming the appearance of hydrophobic bonds and 
ge, could) of hydrogen bonds involving uncharged carboxyl groups. The 
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presence of such bonds would explain (a) the high solubility in 
SDS at pH 8, (6) the low solubility in 8 m urea at the same pH, 
and (c) the insolubility both in CTAB and SDS below pH 3. 


Insoluble Fibrin 


The solubility profiles of insoluble fibrin (Figs. 2, 4, and 6) show 
that the solubility of this material is restricted to the alkaline 
region beyond pH 9.5. Solubility in this instance is presumably 
brought about by the hydrolysis of disulfide bonds. ‘Should 
disulfide hydrolysis not be sufficiently rapid to account for the 
rate of clot dispersion at pH 9.5, it is possible that the dispersion 
of insoluble fibrin at this pH (Figs. 2, 6) may be due to a slow 
hydrolysis of disulfide bonds generating some free sulfhydryl 
groups which then catalyze a reversal of the disulfide exchange 
reaction. We suggest the possibility that the reversal of such a 
disulfide exchange reaction could be brought about by the “swell- 
ing action” or reduction in constraints caused by the urea solvent. 

The solubility profile of insoluble fibrin shown in Fig. 2 can 
be reproduced even in the presence of 8 M urea dissolved in 1 M 
SDS at 45°. This strongly suggests that the fibrin monomers 
in insoluble fibrin are cross-linked with covalent bonds. The 
fact that insoluble fibrin can be converted to stabilized fibrin 
with dilute solutions of cysteine or sodium sulfite constitutes 
strong evidence that these covalent bonds are disulfide linkages. 
It is, of course, possible that these disulfide-cleaving reagents 
solubilize the gel by opening intramonomer disulfide bonds that 
cross-link separate peptides in the fibrin monomeric unit. We 
plan to investigate this possibility by a study of the subunits 
of the fibrinogen molecule. 


Mechanism of Insoluble Fibrin Formation 


The spontaneous conversion of stabilized fibrin to insoluble 
fibrin, and the inhibition of that reaction by iodoacetate treat- 
ment of the cysteine-generated stabilized fibrin, substantiate the 
theory that insoluble fibrin is cross-linked with disulfide bonds. 
The absence of free sulfhydryl groups in the soluble fibrin mono- 
mer would seem to eliminate the possibility that the disulfide 
bonds generated in the formation of insoluble fibrin are the re- 
sults of sulfhydryl oxidation. We therefore conclude that the 
disulfide bonds are created by a disulfide exchange reaction in 
which the intramonomer disulfides exchange to form intermono- 
mer disulfides. It has been shown that these reactions require 
traces of sulfhydryl groups to catalyze disulfide exchange (13). 
We have observed that the inhibition of insoluble fibrin forma- 
tion by sulfhydryl reagents is much more effective if the reagent 
is added to the clotting mixture than if the fibrinogen and fibri- 
nase are pretreated (1). For instance, neither fibrinogen nor 
fibrinase is susceptible to iodoacetate before the reaction but 
iodoacetate inhibits insoluble fibrin formation when added to 
the clotting mixture. This suggests that new sulfhydryl groups 
appear and is consistent with a disulfide exchange hypothesis. 

The fact that the transformation of insoluble fibrin into stabi- 
lized fibrin is a reversible reaction and does not require active 
fibrinase suggests that the role of fibrinase precedes the disulfide 
exchange reactions. Thus, it is likely that fibrinase modifies the 
fibrin monomer in such a manner as to make the disulfide ex- 
change possible. That native proteins must be denatured before 
they can undergo disulfide exchange has been first shown by 
Huggins, Tapley, and Jensen (29). It would seem that fibrinase 
achieves under physiological conditions what has been artifi- 
cially induced by urea denaturation, namely a sufficiently close 
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juxtaposition of disulfide groups to permit disulfide exchange. 
Our results indeed show that stabilized fibrin is much less readily 
dispersed by urea and detergents than is soluble fibrin. Thus, 
the initial action of fibrinase is to increase the degree of inter- 
action between the fibrin monomers caused by secondary bonds. 

We have, so far, no direct evidence concerning the precise 
mechanism by which fibrinase might bring about this closer 
interaction of the fibrin monomers. We would like to suggest 
the possibility that fibrinase is a specific proteinase that acts by 
loosening or removing regions that interfere with the close associ- 
ation of the fibrin monomer units, which is required for the forma- 
tion of stabilized fibrin and for the disulfide exchange reaction 
which ensues. 

The preliminary study of Middlebrook (30) on the terminal 
amino end groups of soluble and insoluble fibrin is in agreement 
with a proteolytic mechanism for the action of fibrinase. He 
was able to show that upon washing insoluble fibrin with urea 
or monochloroacetic acid, one could detect the disappearance of 
one glycine amino end group while at the same time recovering 
in the supernatant a dinitrophenyl peptide with a glycyl amino 
end group. This important work will have to be repeated with 
the purified components which.are now available. 


Some Physiological Considerations 


We have now the opportunity to re-evaluate the physiological 
role of thrombin and fibrinase in the clotting process. The 
elastic, resistant fibrin clot required for its physiological role in 
the higher organism is generated by fibrinase. The role of 
thrombin is to form soluble fibrin, thus initiating weak inter- 
actions which align the molecules in their required geometrical 
pattern, but this clot is only a tenuous array of particles without 
the structural properties necessary for its physiological function. 
An hereditary abnormality has recently been described (31) in 
two siblings whose blood is incapable of forming urea-insoluble 
fibrin even when clotted in the presence of calcium and cysteine. 
This clotting abnormality is correlated with “hemorrhagic di- 
athesis associated with poor wound healing” and the authors 
conclude that this condition is due to a deficiency of fibrinase. 
It seems as if the “vulcanization” of the fibrin clot by the enzyme 
fibrinase is indeed of considerable physiological importance. 


SUMMARY 


A study of thesolubility properties of fibrin in different solvents 
and at a variety of pH values has revealed the presence of three 
forms of fibrin. 

1. “Soluble fibrin” is formed in the absence of fibrinase or 
calcium. It is a very weak clot which can be dispersed in buffer 
below pH 4.5 and above pH 9.0. At pH 8, it is soluble in 1 M 
urea, 0.001 m sodium dodecyl] sulfate or 0.05 m cetyl trimethyl 
ammonium bromide. 

2. “Stabilized fibrin” is formed in the presence of fibrinase, 
calcium and 0.05 M cysteine or sulfite. It can also be prepared 
by treating insoluble fibrin with cysteine or sulfite. The clot is 
much stronger than that of soluble fibrin, since it does not dis- 
perse in 8 M urea at pH 8 but readily disperses in 0.01 m sodium 
dodecyl! sulfate or 0.01 m cetyl trimethyl ammonium bromide at 
the same pH. Upon standing, stabilized fibrin is converted to 
insoluble fibrin which can again be changed to stabilized fibrin 
by treatment with cysteine or sulfite. Stabilized fibrin formed 
by treatment with cysteine will not convert to insoluble fibrin 
if it is subsequently treated by an excess of iodoacetate. The 
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same is true for sulfite-generated stabilized fibrin when treat 
with ethylenediaminetetraacetate. 

3. “Insoluble fibrin” does not disperse at pH 8 even whe 
treated with 8 m urea and 1 m sodium dodecyl! sulfate at 45° | 
It will dissolve after prolonged exposure to urea or sodium dp. 
decy] sulfate above pH 9.5. 

The fact that insoluble fibrin is not dispersed by 8 M urea jp 
1 m sodium dodecy! sulfate is interpreted to mean that it is crog. 
linked by covalent bonds. Since insoluble fibrin can be reversibly 
transformed into stabilized fibrin by reagents that cleave di. 
sulfide bonds, it is concluded that the covalent bonds are disulfide: 
bonds. Since free sulfhydryl groups can only be detected jy 
trace amounts on the fibrin monomer, it is concluded that the 
formation of the intermonomer disulfide bonds is the result of 
disulfide exchange reaction. 

The primary action of fibrinase is the conversion of soluble 
fibrin into stabilized fibrin. It is suggested that fibrinase may lk 
a specific protease which causes structural alterations in the fibrin 
monomers, thus bringing them into more intimate association 
with each other. The stabilized fibrin thus formed then under. 
goes spontaneous disulfide exchange reactions causing the forma. 
tion of an insoluble network cross-linked by disulfide bonds. 
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The normal catabolism of phenylalanine in mammals re- 
quires its initial conversion to tyrosine in the liver (1). In the 
recessively inherited condition, phenylpyruvic oligophrenia 
(phenylketonuria), a failure of the phenylalanine hydroxylase 
system, is associated with mental defect and an excessive ac- 
cumulation of phenylalanine and its side-chain derivatives in 
the body fluids (2-4). The urine, in addition, contains ab- 
normally high amounts of phenolic phenylalanine metabolites 
(5, 6) and indole compounds (7). 

Although a number of hypotheses have been advanced, the 
relationship between the metabolic error and the mental defect 
remains obscure. Biochemical studies relating to the neuro- 
pathogenesis have been hampered in the past by the scarcity of 
suitable pathological tissue specimens, the difficulty of ade- 
quately simulating the condition in laboratory animals, and 
deficiencies in available analytical methods for the phenylalanine 
metabolites. Moreover, the widespread use of low phenylala- 
nine diets as a therapeutic measure has further curtailed and 
may eventually eliminate the possibility of studying alterations 
in the blood and urine of phenylketonuria patients exposed to 
high phenylalanine concentrations during the period of early 
development. 

This communication describes attempts to overcome some of 
these difficulties. A method of ion exchange chromatography 
for the separation of the major phenylalanine metabolites char- 
acteristic of phenylketonuria is presented together with some 
findings obtained with a simple procedure for maintaining high 
phenylalanine levels in the tissues of laboratory animals. 


EXPERIMENTAL PROCEDURE 


Chemicals—u-Phenylalanine was purchased from Nutritional 
Biochemicals Corporation. Phenylpyruvic acid was prepared 
according to Herbst and Shemin (8) and recrystallized from dry 
benzene. pDi-6-Phenyllactic acid was prepared from pL-phenyl- 
alanine according to Suwa (9). Phenylacetylglycine (phen- 
aceturic acid) was synthesized as described by Shiple and Sher- 
win (10). Phenylacetylglutamine was isolated from urine by 
the procedure of Thierfelder and Sherwin (11) after the ingestion 
of sodium phenylacetate by a human subject. All other com- 
pounds were obtained through commercial sources. 

Procedure—Littermate albino rats (Snell-Supplee Multipur- 
pose) were housed in a stainless steel-polyethylene metabolic 
cage for experimental periods lasting up to 14 hours. In most 
instances, they were given intraperitoneal injections at 2-hour 
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intervals with a 2.5% aqueous solution of L-phenylalanine. | 
The exact dose varied with the weight of the animals but usually 
approximated 1 g per kg. Urine was collected every 2 hours and 
was frozen. At the end of the experimental period, the rats ) 
were decapitated and bled. The pooled, mixed arterial-venous 
blood was collected and allowed to clot in plastic centrifuge 
tubes. The serum (1.5 to 4 ml), obtained by high speed cen. | 
trifugation at 0-5°, was deproteinized with a volume of dilute 
perchloric acid to yield about 9 ml after neutralization with 5 
n KOH. After final adjustment of the volume with 0.2 x 
sodium phosphate, pH 6.5, to make 10.0 ml, phenylalanine and 
tyrosine determinations were performed with 0.05 to 0.50 ml | 
aliquots by the venom L-amino acid oxidase method of La Du 
and Michael (12). The remainder of the deproteinized serum 
extract was reserved for column chromatography. Tissue ey- | 
tracts, prepared by grinding frozen material in a glass homoge- 
nizer with a Teflon pestle with 2 to 3 volumes of 0.1 m sodium 
phosphate, pH 6.5, were treated similarly. 

Chromatography on Dowex 1-X2—Samples to be analyzed | 
were adjusted to pH 6 and applied to 1 x 30 cm columns of 
Dowex 1-X2-acetate (200 to 400 mesh). Sample volumes varied 
considerably depending upon the expected concentration range. 
From 1 to 3 ml of urine were usually sufficient, as was the 
equivalent of 2 to 4 ml of serum, but in the case of brain ey- 
tracts, sample volumes up to 25 ml were used on occasion. 
Routinely, four columns were eluted simultaneously from 4 
single magnetically stirred mixing bottle. Gradient elution was 
started with the first fraction by allowing 750 ml of 0.67 
sodium acetate buffer, pH 6.0 to flow into 500 ml of 0.1 m s0- | 
dium acetate, pH 6.0. The buffers contained no detergent. | 
Fractions of 4 ml were collected at a flow rate of 1 ml per min- 
ute. After passage of about 185 ml per column, the eluent was 
maintained at constant ionic strength to facilitate the separa- 
tion of phenaceturic, phenyllactic, hippuric, and phenylacetie 
acids. When approximately 275 ml had passed through each | 
column, gradient elution was resumed by allowing a mixture of 
600 ml of 2 m sodium acetate, pH 6.0, and 150 ml of 95% etha- 
nol to flow into the 150 ml remaining in the mixing bottle. 

Results obtained with a synthetic mixture are shown in Fig. |. | 
In addition to the compounds indicated, the migration rates of | 
several other related substances were studied. Phenylacetyl- 
urea and N-acetylphenylalanine emerged at about 150 ml, at the 
position of the phenylacetylglutamine peak. Hippuric acid | 
emerged between the phenyllactic and phenylacetic acid peaks. | 
Most phenolic derivatives migrated at slower rates. For exam- | 
ple, p-hydroxyphenyllactic acid emerged at about 280 ml, and | 
o- or p-hydroxyphenylacetic acid emerged close to phenylpy- | 
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ruvic acid. Phenylpyruvie acid and p-hydroxyphenylpyruvic 
acid were separated by some 200 ml when gradient elution with 
the acetate-ethanol mixture was continued. 

Analytical Procedures—Creatinine was estimated by the alka- 
line picrate method of Jaffe with correction for color produced 
by a-keto acids. Phenylalanine was usually determined before 
column chromatography as described above, but the venom 
assay was easily applicable to the effluent fractions. Phenyl- 
acetylglutamine and phenylacetylglycine were determined by 
reaction of the liberated amino acids with ninhydrin after acid 
hydrolysis (13) as follows. Concentrated HCl was added to 
aliquots of the appropriate fractions in 18- x 150-mm test tubes 
to bring the mixture to 4 N with respect to HCl. The uncapped 
tubes were heated in a 90° water bath for 3 hours. After cool- 
ing, the contents were neutralized with 5 NaOH, with methyl! 
red as an internal indicator. Final adjustment of pH was made 
with Nn HCl. The contents of each tube were then made up to 
a convenient volume (5.0 or 10.0 ml) with 0.2 m sodium acetate, 
pH 5.5, and 1.0 ml aliquots were used for the ninhydrin assay 
as modified by Rosen (14). The optical density (1-cm light 
path) at 570 my for 0.1 umole of phenylacetylglycine was 0.290; 
for 0.1 umole of phenylacetylglutamine, 0.258. 

The determination of phenyllactic and phenylacetic acids 
was based upon the nitration method of Kapeller-Adler (15) 
and the modification of Zalta and Khouvine (16), which achieved 
a considerable increase of sensitivity through application of the 
Bratton-Marshall procedure (17) to the aromatic amines ob- 
tained by reduction of the nitration products with zine in acid 
media. Because phenylalanine and most of its side-chain de- 
rivatives give similar color yields, and relatively few other sub- 
stances normally encountered in biological fluids react similarly 
or interfere, the modified nitration procedure was selected at 
the outset as a valuable method for the examination of column 
effluents. Later, it was found that in the absence of interfering 
concentrations of other ultraviolet-absorbing substances in the 
nitrated samples, as was the usual case with effluents obtained 
with urine or serum; a 2-fold increase in sensitivity, consistently 
better recoveries, and a considerable saving of time could be 
effected by dispensing with all of the steps after nitration. The 
simplified procedure was as follows. Aliquots (1 to 3 ml) of the 
appropriate fractions were heated just to the point of dryness in 
small evaporating dishes on a steam bath. The cooled residue 
was treated with 0.5 ml of a nitration mixture (20 g of KNO; in 
100 ml of concentrated H.SO,) by heating with occasional agi- 
tation on the steam bath for 20 minutes. After cooling, the 
contents were diluted to 4.0 ml and transferred to small test 
tubes. The optical density (1-em light path) at 259 my for 0.1 
umole of phenyllactic or phenaceturic acid was 0.270; for 0.1 
umole of phenylacetic acid, 0.285; and for 0.1 umole of hippuric 
acid, 0.205. Extraction of the nitration products with ether 
permitted measurement of lower concentrations and the re- 
moval of salts. Since in the present study, hippuric, phenace- 
turic, or phenylacetic acids were not detectable in serum 
extracts, and urine contained no detectable quantity of pheny!l- 
acetic acid and comparatively low concentrations of hippuric 
acid, a better resolution of mixtures of these compounds was 
hot attempted. In studies with urine obtained from pheny!- 
alanine-loaded rats, it was usually impossible to differentiate the 
phenyllactic and phenaceturic acid peaks from the absorbancy 
of the nitrated aliquots, and the phenyllactic acid concentration 


yheny]py- | was calculated by difference. Phenyllactic acid and hippuric 
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MILLILITERS THROUGH COLUMN 


Fig. 1. Elution pattern of a synthetic mixture on a Dowex 1 
column as obtained with the analytical methods described in the 
text after subtraction of column and reagent blanks. The quan- 
tities represented and wave length used follow: L-phenylalanine, 
60 wg (308 mz); phenylacetylglutamine (PAG), 200 ug (570 my); 
phenaceturic acid, 100 ug (570 mz); phenyllactic acid, 150 ug (259 
my); phenylacetic acid, 200 ug (259 mu); phenylpyruvie acid, 67 
ug (3822 mp). 


acid were usually sufficiently separated, but they could be 
readily distinguished by means of the reaction of hippuric acid 
with p-dimethylaminobenzaldehyde (18, 19). Tissue extracts 
contained substances emerging in the 200- to 275-ml effluent 
with considerable ultraviolet absorption persisting after nitra- 
tion, and it was necessary to proceed with the reduction and dye- 
coupling stages as described by Zalta and Khouvine. How- 
ever, after nitration, the sample was diluted to only 4 ml, and 
substitution of a smaller quantity of more reactive zinc that dis- 
solved completely (about 50 mg of a preparation obtained by 
brief treatment of 20-mesh zine with dilute HCl) obviated the 
filtration step. To ascertain the validity of the simplification 
used with urine and serum, all nitrations were brought to the 
stage of final color development. Good agreement was gener- 
ally observed, but comparison of effluent curves constructed for 
the same sample by the two procedures and a third plot from 
the absorbancies at 259 my after reduction but before diazotiza- 
tion indicated occasional erratic color development. The color 
of dye, as judged visually, was often of value in connection with 
identity. Hippuric, phenylacetic, and phenaceturic acids, 
phenylacetylglutamine, and N-acetylphenylalanine yielded pre- 
dominantly red complexes, whereas those derived from pheny]- 
alanine and phenyllactic acid were considerably more violet. 
The optical density (1-cm light path) at 565 my for 0.1 umole 
of phenyllactic acid was 0.130. 

Phenylpyruvic acid in the effluent was determined by measure- 
ment of the absorption at 322 my produced in the presence of 1 
to 2 n NaOH (20). Under comparable conditions, this proce- 
dure had twice the sensitivity of the borate complex forming 
method (21) and tended to minimize sample dilution. With 
effluents containing low concentrations of phenylpyruvic acid, 
0.5 ml of 10 Nn NaOH was added to the entire 4-ml fraction. 
The optical density (1-cm light path) at 322 my for 0.1 umole of 
phenylpyruvic acid per 1.0 ml (final volume) was 1.04. 

The recoveries for phenylalanine, phenyllactic acid, and 
phenylpyruvic acid mixtures added to 2.0 ml of normal human 
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serum (Dade Products) to simulate concentration levels ob- 
served in actual experiments was better than 90% for pheny!- 
pyruvic acid and usually between 95 and 100% for phenyllactic 
acid and phenylalanine. 
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Fic. 2. Serum t-phenylalanine concentrations in rats weighing 
80 g after a single intraperitoneal injection of the amino acid. 
Each point represents the value obtained with 0.05 to 0.10 ml of 
serum from an animal killed at the indicated time. O——O, 
0.25 g of L-phenylalanine per kg; @——@, 0.5 g per kg; A——A, 
0.75 g per kg; J——, 1.0 g per kg. 
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Fic. 3. Concentrations of t-phenylalanine in the serum 
(@——@) and brain (O——O), phenylpyruvic acid in the serum 
(™i—B), and phenyllactic acid in the serum (A——A) at vari- 
ous time intervals in rats weighing 80 g receiving 1.0 g of L-phenyl- 
alanine per kg intraperitoneally every 2 hours until after the 8th 
hour. Each point represents the value obtained with pooled 
samples from 4 or 5 rats. 
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Fig. 4. Concentrations of phenylalanine metabolites in urine 
after L-phenylalanine loading. A, response of a phenylpyruvic 
oligophrenic to a single dose of 4 mmole per kg at 0 time: O——0O, 
phenylpyruvic acid; 7 ——D, phenyllactic acid; A——A, phenyl- 
acetylglutamine. B, response of the rats used for the data of 
Fig. 3: @——®, phenylpyruvic acid; §—®, phenyllactic acid; 
A—A, phenylacetylglycine. 


RESULTS 


Serum t-phenylalanine levels at various time intervals after 
a single intraperitoneal injection of several different concentra- 


tions of the amino acid are shown in Fig. 2. Doses between 0.5 
and 1.0 g per kg produced t-phenylalanine concentrations in rat | 
serum that transiently compared to or exceeded those charac. | 


teristic of phenylpyruvic oligophrenia. The highest tyrosine 
concentration observed in these experiments was 28 mg/100 ml, 
and the averages for the 20- to 120-minute interval with the 
dosages of 0.5, 0.75, and 1.0 g per kg of phenylalanine were re- 
spectively: 18, 20, and 25 mg of tyrosine per 100 ml of serum. 
As judged by the serum phenylalanine and tyrosine concentrs- 
tions at the 50th minute in a series composed of animals weighing 
between 60 and 325 g, no pronounced effect of age on response 
was observed with rats past the weanling stage. With repeated 
intraperitoneal administration of phenylalanine, high serum 
levels could be maintained. Under such conditions, the chem- 
ical composition of the tissues and body fluids presented, within 
a period of hours, some essential alterations associated with 
phenylketonuria. Representative data are shown in Figs. 3 and 
4. The markedly elevated serum phenylalanine content of rats 
receiving five doses of 1.0 g per kg (6 mmoles per kg) over an 
8-hour period (Fig. 3) was accompanied by an impressive and 
persistent increase of brain phenylalanine, the appearance of 
phenylpyruvic and phenyllactic acids in the serum in amounts 
reflecting phenylalanine concentration, and finally, the elimins- 


tion of urine containing phenylalanine metabolites comparable, | 


with respect to identity, quantity, and relative proportions, to 
those found in the urine of a human with phenylpyruvic oligo- 


phrenia fed a single dose of L-phenylalanine corresponding to 4 | 


mmoles per kg (Fig. 4). The recorded peak serum phenylalanine 
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concentration in this experiment (168 mg/100 ml) at the 6th 
hour shortly preceded the observed maximal values for serum 
phenylpyruvic acid (15 mg/100 ml), serum phenyllactic acid 
(4.8 mg/100 ml), and brain phenylalanine (48 mg/100 g fresh 
weight). The tyrosine levels during the 2- to 12-hour interval 
varied between 14 and 20 mg/100 ml of serum and from 6 to 8 
mg/100 g of brain. 

In general, the phenylalanine-loading procedure was well 
tolerated, but definite sympathomimetic response was shown, to 
some degree, by all animals. The symptoms, which included an 
acceleration of heart rate, hyperpnea, cutaneous vasoconstric- 
tion, piloerection, diminished gastrointestinal tone, and analgesia, 
usually became evident after several injections. The youngest 
animals studied (about 10 days old) appeared the most severely 
affected; in these tremors were conspicuous and urine retention 
was an occasional complication. Each of 5 rats (90 to 100 g) 
given hourly injections of a mixture of iproniazid (50 mg per kg) 
and t-phenylalanine (0.5 g per kg) displayed similar and 
markedly potentiated effects. Salivation, sweating, mydriasis, 
central excitation as evidenced by hyperactivity, extreme nerv- 
ousness, agitation, and purposeless repetitive movements led to 
convulsive behavior at about the 5th hour, at which time the last 
injection was made. Pooled serum obtained when tht animals 
were killed 2 hours later yielded values of 200 mg/100 ml and 
19.6 mg/100 ml for phenylalanine and tyrosine, respectively. 

The ability of very immature rats to convert considerable 
amounts of excess phenylalanine to phenylpyruvic acid and 
utilize the mechanisms of reduction, decarboxylation, and con- 
jugation characteristic of the alternative route was clearly evi- 
dent and comparable to that of animals at more advanced de- 
velopmental stages. Representative data obtained with groups 
composed of from 4 to 14 littermates are shown in Table I. It 
is seen that with a given serum phenylalanine concentration the 
youngest rats could, under the experimental conditions, accumu- 
late much greater amounts of the phenyl acids. Phenyllactic 
acid in the sera of these rats reached as high as 38 mg/100 ml, 
and the concentration of phenylpyruvic acid approached 20 
mg/100 ml. The maintenance of these high levels was associated 
with the excretion of urine in which the quantity of phenylpy- 
ruvic acid did not appreciably exceed that of phenyllactic acid at 
any time and was usually extremely low or absent in the 0- to 
2-hour specimen. The serum of older animals treated similarly 
showed lesser quantities of the acids and a tendency toward re- 
versal of the phenylpyruvate-phenyllactate ratio with the con- 
centration of the keto acid exceeding that of its reduction prod- 
uct. This shift, which seemed to manifest itself between the 
18th and 25th day, was accompanied by a significant change in 
the urine composition as shown by the presence of phenylpyruvic 
acid at a concentration some 4 times greater than that of phenyl- 
lactic acid. Phenylpyruvic acid accounted for more than 90% 
of the total urinary a-keto acids and substances reacting with 
Brigg’s reagent calculated as homogentisic acid accounted to less 
than 0.5 mg per mg of creatinine. 

Liver and kidney tissue obtained some 8 to 10 hours after 
phenylalanine loading contained concentrations of the amino 
acid comparable to those of the corresponding sera but no de- 
monstrable quantities of phenyllactic or phenylpyruvic acids. 
Assayable free phenylacetic acid was not encountered in any of 
the tissues or fluids examined. Brain tissue from the younger 
animals, although free of all but traces of phenylpyruvic acid, 
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TABLE I 


Concentration of L-phenylalanine and derivatives in serum, brain, 
and urine of rats at various ages after phenylalanine loading 



































Serum at 10th hour a= 6-8 Hour urine 
eS ee: 
= 5 3s |6| 3 2 |-s Z 
4) 5|2|4)3|)8| 3/2 
+ 4 6 | 3] 6 4 + 4 
days g/kg mg/100 ml = mg/mg creatinine 
12 0.75) 174| 11.8] 27.1) 55] 2.8] 4.2) 3.1] 2.3 
18 1.0 | 127) 19.6) 37.8) 74) 5.5) 17.8) 15.1) 4.3 
18 0.5 | 92) 4.5) 10.9) 32)<0.5} 4.2) 3.8) 2.8 
25 | 1.0} 99) 2.2} 3.2] 42}<0.5| 18.3) 4.4) 6.4 
30 1.0 | 163) 4.3) 3.2 14.1) 3.5) 4.6 
40 1.0 | 133) 5.1) 1.7) 31)<0.5) 22.2) 6.6) 5.0 
75 | 1.0 16.5} 3.1) 4.8 
Untreated human | 41; 1.1) 0.3 
with phenylke- | 
tonuria, 6 years | 
a few | 














contained phenyllactic acid in amounts up to 6 mg/100 g fresh 
weight (Table I). Concurrently performed studies in vitro 
with brain preparations, to be reported in detail separately, 
showed that added phenylpyruvate was normally reduced at an 
appreciable rate, and with this tissue almost all transaminated 
phenylalanine was converted to phenyllactate. 


DISCUSSION 


The objective of the present work was the development of a 
simple and convenient procedure to facilitate experimental 
studies relevant to phenylpyruvic oligophrenia. The untreated 
condition may be regarded as a form of phenylalanine loading 
resulting from natural reabsorptive phenomena in the face of 
continuous intake and enzymatic failure at the initial catabolic 
stage. Efforts to simulate, in normal animals, the metabolism 
of phenylalanine as characterized for the pathological state, have 
been reported. With rats, an approach (22) through attempted 
competitive inhibition of the implicated liver enzyme, pheny]- 
alanine hydroxylase, and addition to the diet of various mixtures 
of u-tyrosine and pi-phenylalanine (23), did not remarkably 
alter serum phenylalanine levels. Very recently, plasma phenyl- 
alanine levels comparable to those of humans with pheny]l- 
ketonuria, phenyluria, and mental retardation were associated 
with infant monkeys maintained for a year on a high t-phenyl- 
alanine intake started on the second day of life (24). Presum- 
ably these, like the adolescent monkeys subjected to a similar 
regimen in preparatory studies (25) and the phenylalanine- 
loaded rats herein described, showed a significant concomitant 
increase of plasma tyrosine concentration. Phenylpyruvic 
oligophrenia is characterized by hyperphenylalanemia in the 
presence of an otherwise essentially normal plasma amino acid 
pattern, and there is evidence (26-28) that inhibition of tyrosine 
reactions by the presence of excessive phenylalanine contributes 
to the symptomology. It would seem, therefore, that any pro- 
cedure attempting to produce a comparable condition that effects 
simultaneous elevations of both tyrosine and phenylalanine levels 








2660 


is subject to criticism. Although favorable phenylalanine to 
tyrosine ratios may have been achieved in the present work, the 
significance of the findings, especially in regard to future experi- 
mentation involving refined infusion techniques with small 
animals, should be considered in the light of this failing. 

The analytical procedure presented here offers some consider- 
able advantage over chemical methods now used in studies on 
phenylketonuria and hydroxyphenyluria. Solvent extraction 
and preliminary manipulations apt to alter labile structures are 
avoided, and all of the major metabolites known to be charac- 
teristic of these conditions may be determined conveniently 
with at least fair sensitivity with a single resin column. Applica- 
tion of the method in this laboratory over a period of several 
years has indicated that the basic chromatographic procedure is 
well suited for C™ studies and is easily adaptable for the separa- 
tion of numerous aromatic compounds. 

Attainment of the extraordinary phenylalanine levels observed 
in this work must be attributed to the accessibility to the gen- 
eral circulation of an overwhelming excess of the amino acid. 
Secondarily related factors such as an inhibitory effect of excess 
substrate on phenylalanine hydroxylase activity (1), inhibition 
of p-hydroxyphenylpyruvic oxidase by excess substrate (29), or 
phenylpyruvic acid (80) may be contributory. Ingestion of 
large doses of phenylalanine or tyrosine by rats leads to the 
urinary excretion of homogentisic acid (23, 31, 32). The absence 
of an appreciable alcaptonuria or p-hydroxyphenyluria in the 
presence of considerably elevated serum tyrosine concentrations 
after repeated intraperitoneal administration of L-phenylalanine 
strongly suggests that, under these conditions, the rate-limiting 
step in tyrosine oxidation was tyrosine transamination. There 
is evidence that the transamination reaction with a-ketogluta- 
rate may be the rate-limiting step under normal conditions (33, 
34). Inasmuch as a blocking of this initial stage of tyrosine 
catabolism would impede the oxidation of phenylalanine as well 
as tyrosine and lead to an accumulation of both amino acids, the 
maintenance of high serum phenylalanine levels in normal ani- 
mals may involve tyrosine transamination rates. Hydroxy- 
phenyluria and alcaptonuria may be viewed as the expression of 
metabolic processes effectively hindering phenylalanine or tyro- 
sine accumulation, and it is well known that, in contrast to 
phenylketonuria, neither of the former conditions is associated 
with a severe pathology. The actual mechanism tending to 
limit tyrosine transamination in the present experiments would 
appear to be directly related to the very high phenylalanine 
levels and possibly involves a competition for a-ketoglutarate. 
In view of recent experimental findings (35) that did not confirm 
an inhibition of phenylalanine hydroxylase as the mechanism 
responsible for increased plasma phenylalanine levels after pro- 
longed feeding of pi-phenylalanine and L-tyrosine mixtures to 
rats (23), the entire aspect of phenylalanine-tyrosine ratios and 
relative transamination rates of these amino acids deserves fur- 
ther consideration in relation to experimental hyperpheny]- 
alanemia. The sympathomimetic response accompanying 
phenylalanine loading in the rat observed here illustrates the 
diversion of the amino acid through pathways of interest in re- 
gard to phenylpyruvic oligophrenia (36). 

The subjection of phenylalanine, during the early develop- 
mental stages in the rat, to side-chain alteration in a manner 
and degree similar to that characteristic of phenylpyruvic oligo- 
phrenia clearly shows that the excretion of such substances under 
any conditions represents the operation of an alternative rather 
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than an abnormal catabolism, and the availability to a recently 
born mammalian organism of the necessary enzyme systems as a 
complex capable of efficient utilization. Although the participa- 
tion of phenylalanine in transamination is now well recognized, 
enzymes from animal tissues specifically catalyzing the reduction 
or decarboxylation of phenylpyruvic acid have not been de- 
scribed. There is evidence, however, that at least certain of the 
prevalent lactic dehydrogenases (37, 38) and pyruvic oxidase 
systems (38) act upon the pheny! derivative. 

The relevancy of findings obtained through the use of drastic 
experimental procedures may be limited, but the present may be 
of value in relation to some recent observations on phenylpyruvic 
oligophrenia. The accompaniment of high concentrations of 


phenylalanine in the sera of young rats with an atypical accumu. | 


lation of phenyllactic acid and the penetration of considerable 
amounts of phenylalanine into the brain would seem to be of 
concern to the association of significantly higher serum phenyl- 


alanine levels with humans below the age of 3 years with phenyl- | 


ketonuria (39) and a very low phenylpyruvic acid content of 
their urine during the first month of life (40). 


SUMMARY 


1. Methods developed primarily to facilitate research on 


phenylketonuria, but applicable to other aspects of aromatic | 


amino acid metabolism, are described. The analytical proce- 


dure for the determination of phenylalanine and its side-chain 


derivatives uses ion exchange column chromatography in con- 
junction with available enzymatic and chemical methods. Re- 
peated intraperitoneal injection of L-phenylalanine at high dosage 
levels provides a simple and convenient system for the production 
of hyperphenylalanemia in rats, which is suitable for acute 
studies and is not complicated by concomitant alcaptonuria. 


2. Rats at various stages of development are capable of me- | 


tabolizing excess L-phenylalanine through the phenylpyruvic 
acid pathway. With serum phenylalanine levels comparable to 





those of patients with untreated phenylpyruvic oligophrenia, the | 


sera and urine of the experimental animals resembles that of the 
patients with respect to the relative concentrations of the aro- 
matic compounds studied. 

3. The maintenance of very high phenylalanine concentrations 


in rats less than 3 weeks old is associated with the accumulation 


of comparatively large amounts of phenylalanine and measurable 
quantities of phenyllactic acid in the brain. 
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It was first shown by Jirgensons (1) that there is a pronounced 
increase in the levorotation of bovine plasma albumin below pH 
4. This phenomenon was studied in further detail by Yang and 
Foster (2, 3) who showed that the transition is fast and reversible 
and is associated with a substantial expansion of the protein 
molecule. It was further suggested, on the basis of pH value 
and ionic strength dependence, that expansion is essentially elec- 
trostatic in origin and of the character of an a-6 transition (helix- 
coil transition). More recently, it has been shown that this 
expansion is preceded by an “isomerization” which has been 
interpreted essentially as a change in tertiary structure with little 
or no change in secondary structure (4). This transition occurs 
near pH 4 and is not accompanied by any observable alteration 
in the optical rotation as measured at the sodium D line. 

More recently, Jirgensons (5), on the basis of optical rotation 
measurements in the ultraviolet (365 mu), has shown in the case 
of bovine plasma albumin that the large increase in levorotation 
is preceded by a smaller but definite decrease in levorotation and 
has suggested that this inverse change corresponds to the isomeri- 
zation reaction. Surprisingly, human serum albumin did not 
exhibit this inverse transition to any appreciable extent, a fact 
which was interpreted as being due to a greater propensity of the 
human protein for expansion with consequent masking of the 
smaller effect. 

Jirgensons’ studies spanned a broad pH range from below 3 
to above 11; consequently, the number of data in the pH range 
of the isomerization was quite limited. In view of this fact it 
was felt important to investigate in greater detail the rotatory 
behavior near pH 4. It seemed desirable to compare more care- 
fully the behavior of bovine and human proteins, and to deter- 
mine the effect of various anions, some of which (thiocyanate, 
perchlorate) are capable of repressing the expansion almost com- 
pletely (6). It was hoped by such studies to test more critically 
Jirgensons’ suggestion that the inverse shift in rotation is asso- 
ciated with isomerization. Finally, it was considered desirable 
to make dispersion measurements at various points on the pH 
transition curve in an attempt to clarify the extent to which the 
changes in rotation might be attributable to change in helix 
content or to other factors. The present communication pre- 
sents results of a great many measurements made at a single 
wave length (313 my) together with a number of dispersion 
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curves. Perhaps the most important conclusion is that the 
breakdown of the native protein structure must involve at leag' 
two cooperative steps before the final molecular expansion. |t 
is further suggested that the observed changes in rotatory be 
havior cannot be explained on the basis of changes in heli 
content alone. 


EXPERIMENTAL PROCEDURE 


Materials—Crystalline bovine plasma albumin (Lot Nos. BX3 
and BX4) and crystalline human plasma albumin (Lot No. HX! 
were obtained from Pentex, Inc. No evidence for any differ. 
ences between the two lots of BPA! was found. Further, it was 
not found necessary to defat these preparations before use since 
in no case did they show evidence of turbidity on standing at 
low pH values. Isoionic stock solutions of these proteins wer 
prepared with the mixed-bed ion exchange column described by | 
Dintzis (7). The human mercaptalbumin was prepared from | 
Fraction V of human plasma? through the mercury dimer utiliz 
ing Saroff’s modification’ of the Dintzis method. This material 
was recrystallized three times, lyophilized, and stored as the 
mercury dimer in the cold room (—5°). Before use the dimer 
was defatted by aging in solution at pH 2.5 to 3.0 for 48 hour 
in the cold room (1°). The monomer was then regenerated by 
passing the solution through the thioglycolate mixed-bed ion 
exchange column recommended by Dintzis (7). In this case de- 
fatting was essential as there was a considerable release of lipid 
impurity from the protein (and consequent turbidity) at low pH 
values. 

Perchloric acid (G. Frederick Smith Chemical Company) was 
used without further purification. Thiocyanice acid was pre- 
pared by passing reagent grade potassium thiocyanate through 
a cation exchange column in the hydrogen form. All other re 
agents were of reagent grade. All water employed was distilled 
and subsequently deionized by passing through a column de- 
mineralizer (Bantam model BD-1) and had a specific conductiv- 
ity of less than 10-* mho. ) 

Methods—All optical rotation measurements were carried out 
at 24° (+2°) with a Rudolph model 200 photoelectric spectro- | 

1 The abbreviations used are: BPA, bovine plasma albumin; | 
HSA, human serum albumin; and HMA, human mercaptalbu- 
min. 

* Obtained through the courtesy of Dr. J. N. Ashworth of the | 
American Red Cross. 

3H. Saroff, private communication. We are indebted to Dr. 
P. J. Killion for the preparation of the mercaptalbumin dimer. 
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polarimeter equipped with an oscillating polarizer. The source 
employed was an AH-4 mercury arc lamp (General Electric). 
To allow full spectral intensity in the ultraviolet region, a window 
was cut in the outer glass envelope of the lamp. In the disper- 
sion measurements the following spectral lines were employed: 
578, 546, 492, 436, 405, 365, 334, and 313 my. 

In all measurements of optical rotation a 2-dm jacketed polar- 
imeter tube with quartz window was employed. In a few ex- 
periments water was circulated through the jacket (25.0° + 
0.02°) but in general this was not considered necessary in view 
of the constancy of the ambient room temperature. To assure 
that there was no significant birefringence in the windows, back- 
ground readings were taken with and without the empty cell in 
the compartment. There was no detectable difference. 

Sedimentation measurements were frequently made on solu- 
tions after rotation measurements as a test for homogeneity and 
absence of aggregation of the protein. Such experiments were 
conducted in the Spinco model E analytical ultracentrifuge at 
20°. In no case was there any evidence of aggregation beyond 
the usual 5 to 10% of dimer which is invariably seen in plasma 
albumin solutions. 

The concentration of protein in the isoionic stock solution was 
determined with a Beckman model DU spectrophotometer. The 
extinction of BPA was assumed to be Ej%, = 6.67 at 279 mu 
(8). For both HSA and HMA the extinction at 280 my was 
assumed to be 5.30 (9). The uncertainty in determination of 
the protein concentration (estimated at +1.5%) is probably al- 
most 10-fold greater than the uncertainty in the measurement 
of the rotation per se, at least at 313 mu. Since the total change 
in rotation in the region under consideration was invariably less 
than 10% it was important to eliminate, in so far as possible, 
these uncertainties in protein concentration. This was accom- 
plished by preparing an entire series of samples, spanning the 
pH range of interest from a single isoionic stock solution. The 
stock solution was first clarified by centrifugation at 40,000 
rp.m. (Spinco model L preparative ultracentrifuge) and then 
equal aliquots were carefully pipetted into 25.0-ml volumetric 
flasks. With salt and acid solutions of nearly identical normali- 
ties the flasks were then filled to the final volume. In this man- 
ner the pH value could be varied while the ionic strength was 
maintained closely constant, and a strict control of the final 
protein concentration was maintained in a particular experiment. 
The final protein concentration for rotation readings at 313 mu 
was in all cases in the range 0.10 to 0.15%. In the case of dis- 
persion measurements it was found that greater accuracy at the 
longer wave lengths was attained by increasing the protein con- 
centration approximately 2-fold. 

All pH measurements were made at room temperature (24° + 
2°), with a Beckman model G pH meter standardized against 
potassium acid phthalate as recommended by the U. S. Bureau 
of Standards (pH 4.01). 


RESULTS AND DISCUSSION 


Dependence of Rotation of BPA on pH Value and Ionic En- 
vironment—The optical rotatory behavior of BPA has been 
investigated as a function of pH value under a variety of ionic 
conditions at the single wave length, 313 mu. Figs. 1 and 2 
report results in the presence of chloride ion at two ionic 


‘It was found that a symmetrical angle setting of 1.5° mini- 
mized disturbances from small fluctuations of the light beam 
without interfering with the sensitivity of the photometer. 
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Fig. 1. Dependence of specific rotation at 313 my on pH value, 
BPA in 0.10 m chloride. Distribution of N and F components as 
determined by electrophoresis shown for comparison. 
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Fig. 2. Dependence of specific rotation at 313 mz on pH value, 
BPA in 0.02 m chloride. Distribution of N and F components as 
determined by electrophoresis shown for comparison. 


strengths, 0.10 and 0.020. Fig. 3 gives results in the presence 
of another relatively weakly bound anion, acetate, at 0.02 ionic 
strength. Figs. 4 and 5 show the effect of the very strongly 
bound anions, thiocyanate and perchlorate (10), again at 0.02 
ionic strength. 

In the chloride experiments there is seen to be a single mono- 
tonic decrease in levorotation near pH 4. At the lower ionic 
strength (Fig. 2) the beginning of expansion is evident in the 
upturn of the rotation at the lowest pH value. At 0.1 ionic 
strength this effect is almost swamped out although upturn in 
rotation would doubtless have been seen if measurements had 
been extended to lower pH values. In both cases, comparison 
with the electrophoretic results is facilitated by inclusion of the 
percentage of N form as found by Aoki and Foster (4). It is 
apparent that a parallel exists, as pointed out by Jirgensons (5), 
between the transitions detected by rotation on the one hand 
and electrophoresis on the other. However, the agreement be- 
tween the two sets of data is not perfect. In particular, the 
transition in rotation seems to be distinctly sharper, the pH de- 
pendence corresponding formally to an uptake of perhaps 5 or 
6 protons rather than approximately 3 as in the case of the N-F 
reaction deduced from electrophoresis. Further, in the case of 
0.02 m chloride (Fig. 2) the N-F transition clearly starts at a 
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Fig. 3. Dependence of specific rotation at 313 mu on pH value, 
BPA in 0.02 m acetate. Distribution of N and F components as 
determined by electrophoresis shown for comparison. 
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Fic. 4. Dependence of specific rotation at 313 my on pH value, 
BPA in 0.02 m thiocyanate. Distribution of N and F components 
as determined by electrophoresis shown in upper dashed line, re- 
sults of perturbation difference spectra by lower broken line. 





550 T T T 















T T 
540+ AE oss 
-fa.}*3 i 
Ce 278 

Po eee eS eee enone 40.010 
530+ 

BPA 1f/2=0.020 Ci0% 0.015 

--- DIFFERENCE SPECTRA 

40.020 
520 vapllies dies A. 1 1 
16 24 3.2 40 48 56 
pH 


Fig. 5. Dependence of specific rotation at 313 mz on pH value, 
BPA in 0.02 m perchlorate. Results of perturbation difference 
spectra shown by broken line. 


distinctly higher pH value. This is probably also true in the 
case of 0.1 m chloride, particularly if cognizance is taken of the 
fact that the electrophoretic data reported in Fig. 1 were ob- 
tained at a temperature near 0° rather than at room temperature. 
Whereas the temperature coefficient of the N-F transition is 
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small (4), this curve would be expected to be shifted to a some. 
what higher pH value at room temperature. One possible ip. 
terpretation of these discrepancies is that the boundaries seen jp 
electrophoresis are actually reaction boundaries and cannot be 


interpreted quantitatively in a straightforward manner (11), | 
However, considerable evidence has been given (4, 12, 13), which | 


need not be reviewed here, that the observed boundaries can, 
in fact, be treated as corresponding to definite components, 
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An alternative, and we believe better, interpretation of the minor | 


discrepancies between the pH dependence of optical rotation 


and of electrophoretic composition can be based on the premise | 


that the over-all transformation of the native protein to the F 
form consists of a sequence of at least three cooperative steps, 
This concept was deduced by Foster and Aoki (14) as the only 
way in which the electrophoretic and titration data could be 
rationalized. It was, in fact, suggested by them that there 
should be two additional transitions which would be much 
steeper than the one observed by electrophoresis. 
nism has been further discussed in terms of a schematic model of 
the plasma albumin molecule by one of us (15). That model, 


This mecha. | 


designed to explain a large number of phenomena but most | 
notably the important change in solubility properties and de. | 


tergent-binding behavior in the N-F transition, is based on the 
concept that the albumin molecule consists of four highly or- 


ganized folded subunits with three intra-surfaces, two of which | 


are predominantly hydrophobic in character. 
that the N-F transition is essentially an intramolecular dissocia- 


It was suggested | 


tion of these subunits with perhaps some small rearrangement of | 


secondary structure within the subunits. 

From this point of view, the results presented in Figs. 3, 4, 
and 5 take on unusual interest. In 0.02 m acetate (Fig. 3) itis 
seen that the drop in rotation is again very sharp and to the low 
pH side of the electrophoretic transition. However, this drop is 
preceded by a small but definite increase in levorotation and the 
total pH range of the combined transitions in rotation spans 


exactly that of the isomerization as judged by electrophoresis. | 





Moreover, in the case of the more strongly bound anion, thio- | 


cyanate (Fig. 4), the decrease in levorotation gives distinct 
evidence of taking place in two separate transitions. 
double transition is unmistakable in perchlorate which is even 
more strongly bound than thiocyanate (10). 


In this case there | 


This } 


. . . . | 
is seen to be a definite plateau between the two waves, extending | 


from approximately pH 3.0 to 3.5. 


Furthermore, it is of some | 


interest that the magnitudes of the changes in rotation in the | 


two transitions are equal, within experimental error, in both 
cases (Figs. 4 and 5). 
result from the successive modification of two halves of the pro- 
tein molecule, e.g. involving the opening of first one and then the 
other of the two postulated hydrophobic inner surfaces. 

In the case of thiocyanate it is seen (Fig. 4) that the first 
transition in rotation coincides rather closely with the isomeriza- 
tion observed in electrophoresis, although again the transition is 
sharper. The second transition is not seen in electrophoresis. 
On the other hand, the second transition (and not the first) is 
clearly seen by the solvent perturbation technique of Herskovits 
and Laskowski (16-18). In this technique the difference spec- 
trum between two protein solutions at the same pH value and 


It is suggested that these two transitions | 


ionic strength, one in a simple aqueous environment and the | 


other in presence of a perturbing solvent (e.g. 20% sucrose), i | 
measured at a wave length of 286 mu. From the magnitude of | 


the difference spectrum those authors have shown that it 
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possible to estimate the extent to which the tyrosyl residues of 
the protein are accessible to perturbation by the solvent environ- 
ment. Herskovits and Laskowski have concluded that only 
approximately 30% of the tyrosyl residues of plasma albumin 
gre subject to such perturbation in the native form but that in 
the N-F transition there is a further exposure of an additional 
20% of the tyrosyls. In 0.02 and 0.25 m chloride this exposure 
takes place in a single step near pH 4 (16-18) and parallels very 
closely the single transition in rotation seen in Figs. 1 and 2. 
However, in thiocyanate and in perchlorate the results (dotted 
curves in Figs. 4 and 5) give a single wave, again corresponding 
to the exposure of approximately 20% of the tyrosyls, at a much 
lower pH value, namely in the region of the second transition in 
rotation.® In terms of the model discussed above this would 
imply a gross asymmetry in the plasma albumin molecule, ‘.e. 
approximately four tyrosyls in one of the hydrophobic inner 
surfaces and none in the other. 

Further evidence exists for the separation of the N-F transi- 
tion into two separate but related physical transformations by 
the presence of anions with strong binding affinity. Precipita- 
tion of BPA by addition of concentrated KCl or Na.SO, in 
presence of such weakly bound anions as chloride, acetate, or 
lactate yields a single monotonic variation with pH value which 
can be interpreted as resulting from the low solubility of the F 
form. The change in solubility takes place over the pH range 
45 to 3.5 (9, 19). However, Cann found that BPA exhibits a 
more complex solubility behavior in presence of 0.15 m perchlo- 
rate (20). Indeed, he showed that in the case of solutions which 
were aged for 4 days there existed two waves in the plot of the 
amount of precipitate against pH value. The pH range of the 
two waves corresponds very closely with the two waves in Fig. 5. 

The total change in rotation in going from the isoionic N form 
to the unexpanded F form appears to differ somewhat in the 
different ionic environments (ranging from approximately 40° 
in chloride to about 20° in perchlorate). It is of interest to 
inquire whether this difference results from modification by the 
ionic environment of the rotation of the N form, of the F form, 
or both. To test this point, solutions were prepared at selected 
pH values covering the entire pH range of interest in the various 
ionic environments discussed above, employing a common iso- 
ionic stock. All solutions at pH 5 or greater were found to 
yield the same specific rotation to within +2° (i.e. 40.4%). It 
can thus be concluded that the conformation of the N form is 
remarkably resistant to perturbation by the ionic environment. 
Qn the other hand, the F form shows a variation in rotation of 
nearly 25° between 0.1 m Cl- and 0.02 m ClO,-, a variation of 
5%. 

Jirgensons (5) has mentioned evidences of difference in the 
pH dependence of optical rotation near pH 4 between BPA 
samples, depending on whether or not they had been deionized. 
The results in Fig. 1 on undeionized as compared to deionized 
material clearly suggest such effects to be minor or absent. 

Several experiments were conducted to demonstrate the re- 


*It seems probable that in the solvent perturbation technique 
the actual sharpness of the curve in the transition region has little 
significance. Thus, in the transition region it might be expected 
that addition of the large concentration of perturbing agent would 
have some effect on the equilibrium composition. We are in- 
debted to Drs. Laskowski and Herskovits for discussions of this 
and other points related to their elegant technique, and for per- 


— us to include here some of their as yet unpublished re- 
Sults. 
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versibility of the rotational changes in chloride-containing media. 
In one experiment the native protein was first converted to the 
F form by adding acid, then the acid neutralized. It was found 
that [a]s:3 was unchanged from the native value. In another 
experiment an aliquot of native BPA was dialyzed against a 
nearly identical aliquot of the protein in the F form. After 
equilibration [a]s:3 was found to be the same for both solutions 
within experimental error. In a final experiment, aliquots of 
BPA at low and at high pH values were mixed directly to give 
solutions which were at different pH values in the N-F range. 
The change of optical rotation at 313 my was found in all cases 
to be completely reversible with respect to change in pH value. 

Finally, mention should be made of the absence of time effects 
in these studies. In general, initial readings were made on all 
solutions within 4 to 10 minutes after mixing. In many cases 
the solutions were reread after standing in the cold room for 24 
to 48 hours. In none of the systems reported here was there 
found to be any significant time dependence. There has been 
considerable discussion of the question of the rate of the isomer- 
ization reaction in plasma albumin (15, 21) and it was to some 
extent in the hope that optical rotation might provide a means 
of studying the kinetics of this process that the present work was 
undertaken. It would appear that the present results do not 
throw any further light on this complex problem. 

Human Mercaptalbumin and Human Serum Albumin—Results 
on HMA in 0.10 m chloride are given in Fig. 6. In this case there 
is seen to be a remarkably good correlation between the transi- 
tion in optical rotation and the electrophoretic results but again, 
if anything, the electrophoretic transition lies at slightly higher 
pH values. In Fig. 7 results are given for HSA in both 0.10 m 
chloride and 0.02 m thiocyanate. There appears to be no de- 
tectable difference between HMA and HSA and the results are 
clearly in general agreement with those on BPA. Also clearly 
the human protein gives a double transition in thiocyanate 
which is very similar to that shown by BPA. The most salient 
differences between the human and bovine proteins in so far as 
these experiments are concerned are (a) the evidence of an 
earlier onset of expansion (the upturn in rotation in chloride be- 
low pH 3.4) in agreement with the conclusion of Jirgensons (5); 
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Fig. 6. Dependence of specific rotation at 313 mu on pH value, 
HMA in 0.10 m chloride. Distribution of N and F components as 
determined by electrophoresis shown for comparison. 
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and (6) the increase in rotation between pH 5.6 to 5.8 and pH 
4.4. Both effects are eliminated by thiocyanate. 

Dispersion Data—Whereas the chief interest in the present 
study was in using optical rotation at low wave length as an 
empirical tool for following the low pH transitions in plasma 
albumin, it was also of interest to seek some understanding of 
the molecular basis for the observed changes. In this connection 
numerous dispersion data have been obtained throughout the 
low pH range in the presence of both chloride and thiocyanate 
anions. The recent interest in the relationship between helical 
folding and optical rotation of polypeptides and proteins is well 
known and need not be reviewed here. It has been found, in 
general, that the denaturation of native globular proteins re- 
sults in an increase in levorotation and this phenomenon finds 
its counterpart in the similar change which occurs on going 
from the helical to the coil conformation in some (but not all) 
polypeptides. From this point of view the decrease in levoro- 
tation which takes place near pH 4 in plasma albumins might be 
interpreted as resulting from a small increase in helical folding. 
However, exceptions to the general rule have been pointed out 
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Fig. 7. Dependence of specific rotation at 313 mz on pH value, 
HSA in 0.10 m chloride and in 0.02 m thiocyanate. 
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Fig. 8. Moffitt-Yang plots of representative examples of the 
dispersion data. The pH 2.34 curve was in presence of chloride 
at ionic strength 0.008. All other curves in 0.02 m chloride. 

















TaBLe [ ; 
Dispersion data for BPA in presence of various tonic media 
Anion | Ionic strength | pH —a | —b 
Chloride | 0.020 | 4.75 329 | 306 
| 0.020 | 410 | 318 | 307 
0.020 | 3.91 | 3823 | 29 
0.020 | 3.62 | 332 | 267 
| 0.020 | 3.27 | 356 | 246 
| 0.020 | 2.91 | 387 227 
0.020 | 2.36 441 207 
0.020 | 2.10 461 195 
0.020 | 1.85 467 189 
0.008* | 2.34 | 487 184 
Chloride | 0.100 =| 5.00 | 334 =| 300 
| 0.100 | 4.45 | 338 | 301 
0.100 4.06 332 72 
0.100 3.25 338 247 
Thiocyanate | 0.020 4.31 | 336 299 
| 0.020 | $3.84 | 336 293 
| 0.020 | 3.40 | 338 278 
|} 0.0200 | 290 | 345 | 265 
0.020 |} 2.10 | 343 | 254 





* Solution adjusted with HCl, no added KCl. These conditions 
were chosen to obtain the maximal possible expansion which js 
attainable in acid solution (3). 


by Jirgensons (22), and Tanford, De, and Taggart (23) have| 
raised a serious question as to whether changes in helical content 
are the predominant cause of the rotational changes observed in 
protein denaturation. i 
The theoretical considerations of Moffitt (24) have predicted | 
that the helical fold should give rise to complex dispersion 2: | 
cording to the general equation 
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where 


3 Mo 


42 100 CN 


[m’}, = 


is a reduced mean residue rotation. It has been generally found 
that synthetic polypeptides in the helical conformation do indeed 
yield complex dispersion of the type predicted whereas in the 
random coil conformation the dispersion obeys essentially the 
simple Drude equation (6 ~ 0 in Equation 1). 

Dispersion data at seven pH values in the presence of chloride 
are presented in Fig. 8 in the form of the plot recommended by 
Moffitt and Yang (25). In all cases \» has been taken as 212 
my, and correction for the dispersion of the refractive index 1 
has been made. The mean residue weight, Mo, was taken 4 
118. Experimental points are shown in only two cases to avoid 





undue congestion in the figure. However, it can be stated that | 


in all cases the fit of the data to the straight lines drawn was 
equally good. All of the dispersion data are summarized i 
Table I in terms of a and b (obtained from the intercept and 
slope in the Moffitt-Yang plots). 

An interesting result is immediately apparent from the data. 
The decrease in levorotation at 313 my is associated with 4 
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small decrease in the 6 term in Equation 1, i.e. formally there is 
a decrease in helix content as judged from dispersion data. This 
js exactly counter to the conclusion based on magnitude of the 
rotation at 313 mu. On the other hand, the increase in rotation 
at lower pH values is associated with a further decrease in the 
magnitude of 6 (data at pH below 3.6 in the 0.02 m chloride 
series, Table I). A further interesting result is the fact that the 
dispersion curves in the pH range of the inverse transition tend 
to cross at a wave length in the region of the sodium D line 
(550 to 600 my). This explains the fact that this transition 
was not observed in the earlier studies of Yang and Foster 
(2, 3) which were confined to this wave length. By contrast, in 
the expansion range the dispersion curves tend to cross at ap- 
proximately 260 my. 

In seeking some further understanding of these results it is 
useful to consider them in terms of an empirical modification of 
Equation 1° as presented by Doty (28): 

y 
ro 


Here Lao* is the total intrinsic residue rotation and a,” and 
bp# are the contributions to the a and b terms due to 100% helical 
folding. The fraction of helical folding is given by f. The value 
of be might be expected to be constant from protein to protein 
and indeed similar to that found for model polypeptides, pro- 
vided that only a single sense of helix were involved. The in- 
dividuality of the protein should be expressed in Zao” and in f, 
but probably also in ao”. Doty has suggested values of +650 
and —630 for ao¥ and bo*, respectively, for right-handed helices. 
However, it seems probable that ao” differs from one polypeptide 
to another and perhaps even from solvent to solvent. It might 
be expected, therefore, that the appropriate value of this param- 
eter would depend on the specific amino acids participating in 
the helical fold and perhaps also on their tertiary environment. 
In a study of the dispersion behavior of BPA, Imahori (29) has 
arrived at the following best values: 
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No No 
(zat + fat’) ¥-2 + foi ( ° 


[m’}, = i 





(2) 


za® = —620 
at = +680 
ob” = —600 


It is important to note that ao” and bo have opposite signs, 
not only in this case but in all polypeptide systems so far studied. 
(For left-handed helices both signs would be reversed.) Con- 
sequently, it can be seen from Equation 2 that there should exist 
a wave length at which the contribution of the helical conformation 
to the rotation would be zero. This wave length is clearly given by 

Xo 
” — 





—al /bF = x (3) 


For plasma albumin, with either Imahori’s or Doty’s values of 
ao" and bo”, this wave length is found to be in the range 290 to 


*In actuality, the Moffitt equation itself (Equation 1) must 
now be regarded as essentially empirical in light of recent dis- 
cussions by Moffitt, Fitts, and Kirkwood (26) and by Tinoco 
(27). However, in view of limitations in our knowledge of the 
interpretation of optical rotatory dispersion data even in case of 
compounds of known structure, an empirical approach seems 
both justifiable and essential. It should be emphasized, however, 
that our deductions are no better than the basic Moffitt equation 
on which they are based. 
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Fig. 9. Reciprocal plot of intercept and slope parameters from 
the Moffitt-Yang plots. For explanation see text. 


295 mu. The actual point of intersection of the dispersion 
curves in the expansion region, 260 my, corresponds to an do# 
of over 1000 assuming Doty’s best value of —630 for bo#. The 
previously mentioned fact that the dispersion curves through the 
region of isomerization tend to cross in the range 550 to 600 mu 
suggests a very different origin for the observed changes in ro- 
tation in that case. 

From Equation 2, if we let J represent the intercept and S the 
slope in the Moffitt-Yang plots, we obtain 


(tak + faF)s 1 af? —" 
oo eee V/s 4 
I/S fo x bf + NoZag -1/ (4) 


Thus, in a plot such as Fig. 9 the slope should yield a best value 
of Zao and the intercept a best value of ap¥/bo#. Linearity of 
such a plot should be a rigorous test of the constancy of the 
parameters do” /bo¥ and Zao®. The actual data in the expansion 
range are seen to conform to a straight line within experimental 
error. The best values deduced from this curve are 1300 for 
do and —870 for Zao® assuming bb? = —630.7 The data 
through the N-F transition range deviate very significantly from 
this straight line. Clearly, at least one of the supposed constant 
parameters is not constant. A mathematical analysis of these 
results based on the assumption that the over-all curve consists 
of two straight line segments as drawn in Fig. 9 yields the fol- 
lowing results: 

1. The results are not compatible with a change in bo” alone. 
Furthermore, as previously mentioned, the evidence suggests 
that this parameter should be reasonably constant. 


7 These values clearly differ widely from those deduced by Ima- 
hori (29). However, this is not surprising since his value of 
Za,o® was based on measurements in concentrated aqueous urea. 
In the first place it seems possible that urea may have a profound 
effect on Zao*. In the second place our values, which appear to 
be constant through the acid expansion, may not remain constant 
on further disorganization of the residual 30% or so of helix which 
appears to persist in acid solution but which was apparently de- 
stroyed in Imahori’s urea experiments. It should be empha- 
sized that the deductions we make are not based on any assumed 
values for ao” and bo” but only on the assumption of a constant 


value for the ratio ao¥/bo” throughout the pH range under con- 
sideration. 
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2. The results are compatible with a change in ap alone pro- 
vided that a4? = c + k-1/S. Such a reciprocal relationship 
between ao¥ and the slope (helix content) appears highly im- 
plausible on physical grounds. 

3. The results are compatible with a change in Zao” alone 
provided that Zao>® = c + kS. Such a linear relationship be- 
tween Lao® and helix content throughout isomerization is not 
only reasonable but to be expected in view of the cooperative 
character of the transition. Thus, a given fractional conversion 
should correspond to the same fractional change in helix content 
and in other properties. This conclusion can be tested more 
critically by calculating Zao” from 

ta? = bf _ 6) 
and plotting as a function of b = fbo#. Such a plot is shown in 
Fig. 10. The linear decrease in Dap” through the N-F transition 
range and its constancy in the following expansion indicates that 
this is, indeed, the simplest interpretation of the present data. 
The relatively good agreement of data in the various ionic sys- 
tems is also noteworthy. 

Having arrived at the tentative conclusion that the chief fac- 
tor contributing to the change in optical rotation associated with 
the N-F transition is an alteration in the Dao” term,’ it is appro- 
priate to consider, at a molecular level, possible factors which 
might contribute to such alteration. Several obvious possi- 
bilities come to mind: 

1. Effect of protonation per se. This is discounted on the 
grounds that many proteins and polypeptides show little or no 
alteration in rotatory properties with protonation under condi- 
tions where there is no pronounced change in conformation. 
This point has been discussed by Schellman and Schellman (30) 
as well as by one of us (3). Furthermore, the present data have 
been examined in the form of plots of [a]3:3 against the number 
of hydrogen ions bound. Sigmoid curves are observed, very 
similar to those seen in the plots of [a]3:3 against pH value. If 
protonation of carboxyl groups were directly responsible for the 
change in rotation a linear relation would be expected. 

2. Changes in disulfide bonding. Wiirz and Haurowitz (31) 


8 From the dispersion constants we have deduced it is calcu- 
lated that the net change of approximately +30° in [a]s3 in the 
isomerization reaction is the resultant of +90° due to change in 
Zao® and —60° from change in helix content. 
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have pointed out that rupture of disulfide bonds in native globular 
proteins would be expected to result in substantial changes jp 
optical rotation. In the present case, the possibility of such con. 





tributions is discounted on the grounds that disulfide bonds 
should be quite stable under the conditions employed, both as to | 
rupture and to exchange. 
observed are in all cases rapid and reversible argues against such 
effects. 

3. Changes in secondary structure other than helix-coil trans. | 
formations. Such contributions certainly cannot be ruled out, 
Thus, for example, it has been suggested that the 6-keratin struc. 
ture makes a finite contribution to the a term of the Moffitt | 
equation but that its contribution to b is zero (32). Any changes 
in such structure would thus contribute to the term Lap? in the 
analysis employed. 

4, Changes in tertiary interaction. Finally there must be 
considered the possible result of changes in R group interactions 
resulting from the postulated separation of hydrophobic surfaces 
in the N-F transition. Such alterations might be imagined as 
arising from rupture of side-chain hydrogen bonds, changes in 
vicinal interactions, or simply from a change in the polarizability | 
of the environment of key chromophoric groups (33). It is sug- 
gested that it is, in fact, such changes in tertiary environment that 
are responsible, in the main, for the apparent change in La? 
associated with the N-F transformation. Such a conclusion isin | 
accord with the recent suggestion of Tanford et al. (23). Hovw- | 
ever, it must be emphasized that any such deduction is only ten- | 
tative and a full interpretation of the results reported herein must 
await a more complete understanding of both the theory of op- | 
tical rotation and of the structure of the protein employed. 


SUMMARY 


The course of the reversible breakdown of the native structureof | 
plasma albumin in acid solution has been traced by following the | 
change in rotation at 313 my asa function of pH value in the pres- | 
ence of various anions. Theisomerization which takes place near 
pH 4 is accompanied by a substantial decrease in levorotation 
as was pointed out earlier by Jirgensons; however, the transition 
as measured by rotation is a somewhat sharper function of pH 
value in chloride-containing media than that seen in electropho- 
retic studies. Furthermore, in presence of acetate and especially 
in systems containing thiocyanate or perchlorate, the isomer- 
ization occurs in at least two steps. In the last two mentioned sys- 
tems these two steps result in equal increments in the optical 
rotation (at 313 my) and might result from successive opening of 
the two hydrophobic inner surfaces previously postulated to exist 
in the plasma albumin molecule. Approximately four buried 
tyrosyl residues appear to be exposed to the solvent environment 
in the second of these steps, none in the first. Probably neither 
of these steps is identical with that revealed by electrophoresis; 
rather, they probably represent subsidiary steps in the transition 
sequence previously postulated. Only minor differences in rota- | 
tory behavior between bovine and human albumins have been 
observed. 

In an attempt to clarify the origin of the change in optical rota- 
tion associated with isomerization, results of 19 dispersion meas- | 
urements are presented. There is an apparent decrease in right | 
handed helix content (from approximately 48% to approximately | 
40%) associated with isomerization. A further decrease to ap | 
proximately 30% accompanies optimal expansion in presence of 
minimal concentrations of chloride ion. Evidence is presented 
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which indicates that most of the observed change in rotation at 
313 mu associated with isomerization is due to structural changes 
other than the loss of helix and it is suggested that the most im- 
portant factors are alteration in hydrogen-bonding, in vicinal 
interactions, and in the polarizability of the environment of 
chromophoric residues, resulting from changes in tertiary struc- 
ture. It is pointed out that, on the basis of the Moffitt theory, 
dispersion curves obtained throughout a helix-coil transition in 
simple polypeptides should cross at a wave length near or below 
390 mu. At this wave length the helix would make no contribu- 
tion to the rotation. Hence, it may be true for protein trans- 
formations generally that rotational changes observed at wave 


tions in structural features other than the helix content. 


REFERENCES 

. Juxscensons, B., Arch. Biochem. Biophys., 39, 261 (1952). 

. Foster, J. F., anp Yana, J. T., J. Am. Chem. Soc., 76, 1015 
(1954). 

_ Yano, J. T., anp Foster, J. F., J. Am. Chem. Soc., 76, 1588 
(1954). 

4, Aox1, K., anp Foster, J. F., J. Am. Chem. Soc., 78, 3538 
(1956) ; 79, 3885 (1957); 79, 3393 (1957). 

. Jmrcensons, B., Arch. Biochem. Biophys., 78, 227 (1958). 

KronMaNn, M. J., anp Foster, J. F., Arch. Biochem. Biophys. 

72, 205 (1957). 

Dintzis, H. M., Ph.D. thesis, Harvard University, 1952. 

. SterMAN, M. D., anp Foster, J. F., J. Am. Chem. Soc., 78, 
3652 (1956). 

. Racutnsky, M. R., Ph.D. thesis, Purdue University, 1960. 

. ScaTCHARD, G., AND Buack, E., J. Phys. & Colloid Chem., 53, 
88 (,1949). 

ll. Cann J. R., J. Chem. Phys., 33, 1410 (1960). 

12, Foster, J. F., anp Aoxi, K., J. Am. Chem. Soc., 80, 1117 

(1958). 


wore 


w 


co > uo 


oo 


So 


XUM 


13. 


14. 
15. 


16. 
ri. 


18. 


19. 


32. 


W. J. Leonard, Jr., and J. F. Foster 2669 


Hort, J., anp Aoxi, K., Arch. Biochem. Biophys., 88, 232 
(1960). 

Foster, J. F., anp Aoxt, K., J. Phys. Chem., 61, 1369 (1957). 

Foster, J. F., in F. W. Putnam (Editor), The plasma proteins, 
Academic Press, Inc., New York, 1960, Chapter 6. 

Herskovits, T. T., anp Laskowskl!, M., Jr., J. Biol. Chem., 
235, PC56 (1960). 

Laskowsk!I, M., Jr., Cramer, R., Herskovits, T., AND 
Wana, C., Federation Proc., 19, 343 (1960). 

Herskovits, T., anD LaskowskI, M., JR., Abstracts of papers 
of the 138th meeting of the American Chemical Society, Ameri- 
can Chemical Society, Washington, 1960, p. 46. 

RacuInsky, M., anp Foster, J. F., Arch. Biochem. Biophys., 
70, 283 (1957). 


. Cann, J. R., J. Phys. Chem., 68, 1545 (1959). 
. Foster, J. F., Compt. rend. trav. lab. Carlsberg, Sér. chim., 


31, 351 (1960). 


. JIRGENSONS, B., Arch. Biochem. Biophys., 85, 89 (1959); 85, 


532 (1959); 89, 48 (1960). 


. TANForD, C., Dr, P., anp TaaGart, V., J. Am. Chem. Soc., 


82, 6028 (1960). 


. Morrittr, W., J. Chem. Phys., 25, 467 (1956). 
25. Morritt, W., anp YANG, J. T., Proc. Natl. Acad. Sci. U.S., 


42, 596 (1956). 


. Morritt, W., Firts, D., anp Kirkwoop, J., Proc. Natl. Acad. 


Sci. U. S., 48, 723 (1957). 


. Tinoco, I., JrR., anp Woopy, R., J. Chem. Phys., 32, 461 


(1960). 


. Dory, P., Revs. Modern Phys., 31, 107 (1959). 
. Imanort, K., Biochim. Biophys. Acta, $7, 336 (1960). 
. SCHELLMAN, C. AND SCHELLMAN, J. A., Compt. rend. trav. lab. 


31. 


Carlsberg, Sér. chim., 30, 463 (1958). 

Wirz, H., anp Haurowitz, F., J. Am. Chem. Soc., 83, 280 
(1961). 

FasMan, G., anp Buiout, E., J. Am. Chem. Soc., 82, 1259 
(1960). 


33. WixuiaMs, E. J., anp Foster, J. F., J. Am. Chem. Soc., 81, 


865 (1959) ; 82, 242 (1960). 








Tue JouRNAL oF BrioLoaicaL CHEMISTRY 
Vol. 236, No. 10, October 1961 
Printedin U.S.A 


On the Transformation of Insulin in | 
Concentrated Solutions of Urea* 


R. Davip CoLE 


From the Department of Biochemistry, University of California, Berkeley 4, California 


(Received for publication, May 15, 1961) 


Recently a report (1) was made of the ion exchange chroma- 
tography of insulin in buffers containing urea. It was pointed 
out that when the chromatography was carried out at room 
temperature, a slow transformation was observed although 
chromatography at 3-5° avoided the transformation. 

Freshly prepared solutions of urea slowly form ammonium 
cyanate (2, 3) in small amounts, and Stark, Stein, and Moore 
(4) have demonstrated that the cyanate present in 8 M urea is 
sufficient to react with amino groups of proteins. Clearly then, 
a possible explanation of the slow transformation of insulin is 
that cyanate is slowly formed in the urea solutions during 
chromatographic experiments and reacts relatively quickly with 
the insulin. The present report deals with experiments which 
verify this explanation. 


EXPERIMENTAL PROCEDURE 


The insulin used was a crystalline pork preparation (Lilly 
723603). The chromatography of insulin and the preparation 
of buffers has already been described (1). The columns were 
0.64 xX 20 cm and were eluted with 0.13 m phosphate-8 m urea 
buffer at pH 6.0. 

The partial transformation of insulin was carried out by the 
following procedure. Approximately 50 mg of insulin in 5 ml 
of 0.13 m phosphate-8 m urea buffer at pH 6 were allowed to 
stand at 20-25° for 4 days. An equal volume of acetic acid 
was then added and the solution was passed through Sephadex 
G-25 (2 x 5 cm); elution was carried out with 50% acetic acid. 
An equal volume of concentrated hydrochloric acid was added 
to the eluate which contained protein, and the mixture was 
placed in a boiling water bath for an hour. Solvent was then 
removed by rotary evaporation, and the residue was redissolved 
in water and redried. The residue was dissolved in approxi- 
mately 1 ml of water and placed on a cold column (0.9 x 3 
cm) of the acid form of Dowex 50-X2. Elution was carried out 
at 3-5° with water as the solvent, and the first 25 ml, constitut- 
ing the hydantoin fraction, were collected in 10 to 15 minutes 
by applying pressure to the top of the column. The protein 
residue was then eluted by 10 ml of 2 n NH,OH. 

Amino acid analyses were performed by the method of Spack- 
man, Stein, and Moore (5) on hydrolysates (72 hours, 110°, 6 N 
HCl, sealed tube) of the hydantoin fraction from urea-treated 
insulin, and from a control fraction obtained identically except 
that urea was omitted from the initial phosphate buffer. The 
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yields of amino acids in the hydantoin fraction were not cor. 
rected for hydrolytic loss, and were based on the determination, 
of protein (6) in the solution applied to the Dowex 50-X2 resin, 
As a check, the yield was also calculated on the basis of the | 
protein recovered from the Dowex 50-X2 resin, measuring the 
amount of protein recovered by amino acid analysis of its 20-hour 
hydrolysate. The two techniques gave results in good agree. 
ment. 


RESULTS 


A typical chromatogram of crystalline pork insulin is shown in ' 
Fig. 1. Such chromatograms were obtained by dissolving in. 
sulin in urea-containing buffers, freshly prepared or stored for 
less than 2 weeks at 4°, and then chromatographing at 4°. If 
the insulin-urea mixture (1 to 2% protein concentration) was 
allowed to stand at room temperature approximately 4 days, | 
and was then chromatographed at 4°, the pattern shown in Fig. 
2 was obtained. Apparently, 20 to 25% of the main peak of 
Fig. 1 has been transformed to a faster moving (therefore, prob- 
ably more acidic) peak. 

Insulin was exposed to phosphate buffer at room temperatur 
for 4 days, both in the presence and absence of urea (8 w). 
After removing urea by means of gel filtration, the insulin solu- 
tion was acidified and heated to release the hydantoins of gly- 
cine and phenylalanine from the amino ends of any carbamyl- 
ated insulin. Separation of the hydantoins from the insulin 
residue was accomplished by binding the residue on Dowex 
50-X2 while the hydantoins passed through the column and 
were collected in the effluent. After hydrolysis of the hydan- 
toins, amino acid analysis was performed and the pertinent re- 
sults are given in Table I. A yield of approximately 15% of one 
residue of glutamic acid was expected and found as a side prod- 
uct of the process! The expected glycine and phenylalanine 
were found in about 15% yield also. 

Surprisingly, only traces of homocitrulline were obtained from 
the protein residues under these (nonoptimal) conditions of 
carbamylation. Amino acid analyses were performed on 2- 


hour hydrolysates of urea-treated insulin before and after the | 


cyclizing acid treatment and on the insulin residue washed from 
the Dowex 50-X2 with NH,OH. In no case was more than 4 
trace of homocitrulline observed. 

DISCUSSION 


The results of these experiments clearly show that carbamyls- 
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in concentrated solutions of urea. That this is a full explana- 
tion of the transformation seems likely since the amount of hy- 
dantoin found was enough to account for the extent of trans- 
formation observed chromatographically. Further support of 
the notion that the transformation represents carbamylation is 
the finding that the transformation product(s) runs faster than 
the main peak on the column, as would be expected of insulin 
which had one or more amino groups blocked. (Although the 
transformation product(s) have approximately the same (small) 
elution volumes as the two minor components in untreated in- 
sulin, it seems quite improbable that the two minor components 
are to be identified with carbamylated insulin since untreated 
insulin has not been subjected to conditions like those used in 
carbamylation.) 

Stark, Stein, and Moore (4) state that it is the charged amino 
group which reacts with the cyanate ion. It is curious then that 
less substitution was found on the e-amino group of lysine than 
on the a-amino groups of glycine and phenylalanine. Indeed, 
there was very much less. The conditions used in the present 
experiment were not chosen for quantitative carbamylation, 
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incubated in 0.13 m phosphate-8 m urea buffer for 4 days at room 
temperature. 
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from the original incubation buffer. 

t Approximate value for each of several other amino acids. 


and, under such limiting conditions, it may be that the rate of 
reaction of the e-amino group of lysine is especially sensitive to 
hindrance. Such hindrance could be due to interaction of the 
€-amino group with another portion of the insulin molecule, or 
perhaps even to some interaction with the urea. 

In addition to explaining the transformations observed on 
chromatography in urea solutions, the results of the present 
work form a basis for explaining the experiments of Bischoff 
and Bakhtiar (7, 8) who observed changes in biological activity 
solubility, and electrophoretic properties when insulin was 
treated with concentrated solutions of urea for prolonged periods 
at room temperature or higher temperatures. Furthermore, 
there is a danger of transforming any protein by placing it in a 
solution of urea which depends as much upon the history of the 
urea solution as upon the conditions under which the protein is 
treated. This problem of transformation becomes more severe 
with proteins containing higher numbers of amino termini per 
molecule. 


SUMMARY 


The slow transformation of insulin at room temperature in 8 
M urea, which was observed chromatographically, was shown 
to be a carbamylation of the amino-terminal glycine and pheny]- 
alanine. 
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In recent papers from this laboratory (1, 2), a partially purified 
inhibitor preparation from sheep serum was used extensively in 
a differential assay procedure for the determination of the ester- 
ase activity of proteinase A and the A,-esterase. Although both 
of these enzymes obtained from extracts of rat skin acetone pow- 
der will hydrolyze acylated aromatic amino acid esters, they 
differ in that only proteinase, A will hydrolyze nonacylated aro- 
matic amino acid esters and be inhibited by the sheep serum 
inhibitor (1). These differences have been exploited to differ- 
entiate proteinase A from the A,-esterase. In their response to 
other inhibitors, however, they behave qualitatively similar and 
diisopropylphosphofluoridate, the soybean inhibitor, the lima 
bean inhibitor, and the bovine plasma trypsin inhibitor will 
produce complete inhibition. Ovomucoid will not inhibit either 
enzyme (1). 

The proteinase A inhibitor from sheep serum has now been 
purified to the state wherein only a single peak is observed upon 
electrophoresis or ultracentrifugation. Its purification and in- 
teraction with proteinase A will be given in this paper. A 
portion of this material has already been presented elsewhere (3). 


EXPERIMENTAL PROCEDURE 


Materials—Whole lamb blood! was obtained from the slaughter 
house and allowed to clot for 24 hours at 5° before collection of 
the serum by straining through cheesecloth followed by clarifica- 
tion in the centrifuge. There was always evidence that a small 
amount of hemolysis had occurred. The collected serum was 
processed within a period of 1 week and was stored at —20° 
until used. The chromatographic grade of IRC-50 resin (CG- 
50, 200 to 400 mesh) was treated as described by Hirs, Moore, 
and Stein (4) and then equilibrated against a 0.005 m NaH,PO,- 
NasHPO, buffer, pH 6.0. Approximately 90 liters of buffer were 
required for 1 pound of dry resin in the equilibration step. 

The proteinase A preparation used for the routine assay of 
inhibitor activity was the EDP-1 fraction prepared from a 1.6 
m KC! extract of rat skin acetone powder as previously described 


* This investigation was supported in part by a Public Health 
Service research grant (RG-6243) from the Division of General 
Medical Sciences, Public Health Service. The author also wishes 
to acknowledge financial support during the initial phases of this 
research from Research Grant A-727, awarded to Dr. A. E. Axel- 
rod, by the National Institutes of Health, United States Public 
Health Service. 

1 We are indebted to Mr. Ken Johnson of Armour and Company 
for the supply of lamb blood. 
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(5). An 800-fold purified proteinase A preparation, Fracti 
PA-III (2), was also used in certain experiments. i 

Methods—The inhibition of proteinase A was measured by 
mixing enzyme (in 0.6 Mm KCl) and inhibitor (diluted in cold 0,); 
M KC)) in a 1.30 ml volume with the requisite amount of 3.0y 
KCI to give a final ionic strength of 0.8. The pH was 6.0 t 
6.1. After incubation for at least 30 minutes at 1°, 1.00 n 
aliquots were withdrawn and used for the measurement of r. 
sidual activity at pH 8.0 and 30° with approximately 0.02 y 
N-acety|-L-tyrosine ethy] ester as the test substrate. Details oi | 
the null point potentiometric assay procedure have been reportel 
elsewhere (1), and acid liberation was followed with a Radion. 
eter recording pH-stat with 0.300 N NaOH as the titrating | 
agent. Interference with carbon dioxide adsorption was not 
observed. Temperature control was maintained with the use of 
a small external hydrostat and stirring of the 2.00 ml reaction 
solutions was done magnetically. 

Hydrolysis rates were calculated from the initial slopes of the | 
lines obtained from base consumed versus time plots. 
to zero order kinetics was observed over the time interval in | 
which measurements were made (2 10 minutes), and the enzyme 
concentrations used were proportional to activity. The follov- 
ing expressions for activity will be used: (ko) m1, micromoles of , 
ATEE? hydrolyzed min ml enzyme and (ko) mg, micromoles of 
ATEE hydrolyzed min mg- of protein. A value of (hy)ai 
equal to unity defines an esterase unit. 

One inhibitor unit will be defined as that amount of inhibitor 
required to inhibit one esterase unit. The inhibitor units per 
mi of inhibitor preparation, the specific activity per mg of pro- 


tein, and the total units will be designated (J) mi, (J) mg, and | 


(J) r, respectively. The amount of inhibitor (J, in ml) required 
for the complete inhibition of the enzyme (E, in ml) contained 
in the incubation tube was determined from the abscissa inter- 
cept of an activity remaining versus inhibitor concentration plot. 
(Z) m1 was then computed from the relation (ko) m X E/I. 


Protein was estimated by the procedure of Lowry et al. (6), , 


and with a commercial protein preparation* as the standard.‘ 


? The abbreviations used are: ATEE, N-acetyl-u-tyrosine ethyl | 
ester; DEAE-cellulose, diethylaminoethy] cellulose. 


’ Versatol, Warner-Chilcott and Company, Morris Plains, New | 


Jersey. 
* Actually, the method was modified in the sense of performing 


corrections for the differences in the intercept values observed for | 


standard and samples when ml of sample or standard were plotted 
against the A7zso ms readings. The error that can arise, its magni- 
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Electrophoretic analyses were carried out in a Perkin-Elmer 
model 38A Tiselius electrophoresis apparatus at 1°. Mobilities 
were calculated from descending patterns. 

Sedimentation studies of the inhibitor were done with a Spinco 
model E ultracentrifuge at 9° in a synthetic boundary cell. 





RESULTS 


Purification of Inhibitor—All operations were done at 1°-3°, 
and phase separations were made in a refrigerated centrifuge at 
4250 X g (tip) for 75 minutes. All reported volumes were those 
actually used for each successive step of the fractionation proce- 
dure. Two successive batch lots of serum were taken through 
Step 3 and pooled before continuing with the last step of the 
purification. 

Step 1—Solid ammonium sulfate (300 g per liter) was added 
slowly and with hand stirring to 4000 ml of lamb serum. After 
3 hours, the suspension was centrifuged, and the supernatant 
solution was collected to give Fraction S-1; volume, 3485 ml. 

Step 2—Fraction S-1 (3445 ml) was adjusted to pH 4.2 with 
the requisite volume of 4.25 n acetic acid as determined from the 
results of a separate titration curve. The supernatant solution 
was obtained 3 hours later by centrifugation to give Fraction 
$-2; volume, 2940 ml. 

Step 3—Fraction S-2 (2915 ml) was brought to approximately 
100% saturation with ammonium sulfate (353 g per liter). After 
16 hours, the precipitate was collected and taken up in 0.10 M 
Sorensen’s phosphate buffer, pH 7.0, to a total volume equal to 
one-fifth that of the S-2 fraction used. Approximately 190 ml 
were placed in each of three 36/32 cellophane casings, and each 
sac was dialyzed against three 7-liter volume changes of distilled 
water over a period of 24 hours and then against two 7-liter 
volume changes of 0.005 m phosphate buffer, pH 6.0 (the same 
as used for the equilibration of the IRC-50 resin), over an addi- 
| tional 24-hour period. The slight precipitate that formed during 
_ the dialysis was removed to give the brownish red Fraction P-3; 
volume, 560 ml. 

Step 4—From 45 to 100 ml of Fraction P-3 were introduced 
onto the top of a 30- x 2.5-cm column of IRC-50 resin (see ‘‘Ma- 
, terials”) followed by addition of the equilibration buffer. Five 
milliliter fractions were collected with a fraction collector, and 
the protein content per tube was followed by Aso m measure- 
ments in 0.5 cm cuvettes. All tube contents with an absorbancy 
of at least 75% of the maximal plateau value were combined. A 
representative curve showing protein concentration and (J) mi 
versus tube number is given in Fig. 1. The inhibitor activity 
per ml of fraction was proportional to the protein concentration 
within the limits of accuracy of these measurements (see legend 
to Fig. 1). 

If a pH lower than 6.0 was used, very little of the P-3 fraction 
could be eluted from the column, eg. at pH 5.5, none of the 
inhibitor and only a small fraction of the total protein was ob- 
tained in the eluate. At pH 4.8, essentially all of the protein 
was retained on the column. 

This process was repeated with fresh resin until 500 ml of 
_ Fraction P-3 had been so treated. The material collected in 
_ this manner was then combined to give the water-clear Fraction 
8-4; volume, 440 ml. 

Data pertinent to this purification scheme are contained in 


tude, and the appropriateness of such corrections will be presented 
elsewhere. 
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Fig. 1. The chromatography of Fraction P-3 on IRC-50 resin 
at pH6.0. The charge was 60 ml of Fraction P-3 and effluent frac- 
tions of 5-ml volumes were collected. O——O, protein concen- 
tration as measured in 0.5 cm cuvettes (left ordinate) ; hatched area, 
inhibitor units per ml of tube fraction (right ordinate). The ver- 
tical width of this line for (Z)mi gives an approximation to the 
accuracy of measurement because the values were obtained from 
the inhibition of proteinase A by using a single concentration 
(0.03 ml) of the tube fraction. Consequently, no great accuracy 
is to be attached to these values other than to indicate that inhibi- 
tory activity is to be associated with the protein peak and that a 
fairly close proportional relationship between concentration and 
activity does exist. 


Table I. Fraction 8-4, with a specific activity of 9.3, was used 
in all subsequent experimentation and will be referred to as the 
inhibitor or inhibitor preparation. 

The inhibitor preparation was subjected to additional chro- 
matography on anionic cellulose columns. Adsorption of Frac- 
tion S-4 onto DEAE-cellulose at pH 8.0 in 0.005 m sodium phos- 
phate buffer, followed by linear gradient elution with a limit 
buffer of 0.50 m sodium phosphate at pH 6.0, gave rise to a 
single, fairly symmetrical protein peak emerging at pH 6.8 to 
6.2 and which contained the inhibitor. The specific activity 
was unchanged. A similar result was obtained by adsorption of 
the inhibitor onto DEAE-cellulose at pH 6.5 followed by elution 
as before. In this case, however, both the protein and the in- 
hibitor concentration profiles were skewed. 

Chromatography on an ECTEOLA-cellulose column (Brown 
Company) at pH 8.0 with elution achieved by establishment of a 


TaBLE I 
Purification of inhibitor 











Fraction | Volume* [Tota protein (I)mi | (I)meg Der 
ml mg | | 

Seren 4,000 | 249,000 | 50.0 | 0.80 | 200,000 

S-1 | 3,485 | 91,600 | 16.5 | 0.63 | 57,500 

$-2 2,975 | 9,280 | 7.7 | 2.47 22,900 

P-3 | 570 8,260 | 35.4 | 2.44 20,200 

S-4 | 500 1,275 | 23.7 | 9.30 11,900 





* Corrected for amounts withdrawn for assay or storage. 
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Fic. 2. Free electrophoretic boundary patterns of the inhibitor 
at various pH values. The short bar below each pattern indicates 
the initial boundary and the arrow the direction of migration to 
either the anode (A) or cathode (C). The notation of ¢ or 6 refers 
to the salt boundary in the descending or ascending limbs, respec- 
tively. At pH 8.65 (Veronal, 0.10 ionic strength), 5.6 volts 
em with t, 6,780 seconds; at pH 6.64 (phosphate, 0.17 ionic 
strength), 1.8 volts cm™ with t, 13,680 seconds; at pH 4.50 
(acetate, 0.10 ionic strength), 9.3 volts cm with t, 6,720 sec- 
onds; at pH 3.50 (glycine, 0.10 ionic strength), 4.7 volts cm™ 
with t, 7,920 seconds. 
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Fig. 3. The effect of pH on the mobility of the sheep serum in- 
hibitor. The mobilities were obtained from descending patterns. 
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Fig. 4. Sedimentation velocity patterns of the inhibitor. Ap 


181 MIN. 


——7E 


aliquot of Fraction S-4 was lyophilized and taken up in a 0.005 y ' 


phosphate buffer containing 0.10 m NaCl at pH 6.0 to give a pro. 
tein concentration of 7.14 mg per ml. The speed of the rotor was 
42,040 r.p.m. and the bar angle was 60°. The indicated time values 
refer to the interval after reaching full speed. 


linear gradient with a 0.50 m sodium phosphate limit buffer, pH 


6.5, also gave a single protein peak but the specific activity of the | 


inhibitor had dropped to 8.5. Possibly, this has its explanation 
in the destruction of some of the inhibitor. 

A further test for homogeneity was performed in the Spinco 
model L centrifuge. Fraction S-4 was centrifuged at 1° and 
40,000 r.p.m. for 215 minutes and the tube contents arbitrarily 
divided into top, middle, and bottom layers. Although the 
(I) m1 was 11.6 in the top layer, 22.9 in the middle layer, and 
33.0 in the bottom layer, the specific activities were, respectively, 
8.6, 9.3, and 9.3. 

Physical and Chemical Characterization—The inhibitor, after 


equilibration against various buffers by dialysis, was examined | 


by electrophoresis at four different pH values and in all cases, 
only the migration of one component was observed (Fig. 2). 
The calculated mobilities as a function of pH are shown in Fig. 
3, and from the pH at zero mobility, the isoelectric point was 
estimated to be at approximately 4.3. 

Centrifugation of the inhibitor in the ultracentrifuge showed 
a single symmetrical peak during the entire course of the run 
(Fig. 4). At pH 6.0, the value for s°s,. was 3.91 S. Mor 
extensive physical characterization of the inhibitor preparation 
is currently in progress.5 

The inhibitor preparation showed maximal absorbancy at 278 
my and a, equaled 0.690 (c, 1.0 mg per ml) in a 1 cm cuvette. 
The Aozg: Ago ratio was 1.63 and, hence, essentially free of nu- 
cleic acid (7). 

The inhibitor gave a positive test for carbohydrate with both 
anthrone and carbazole. With the latter reagent, the color pro- 


- 


a 


duced was wine red and the maximal absorption was at 543 mg. | 


Quantitation with the carbazole reagent (8) indicated the pres- 
ence of 5% of hexose-like material (glucose as standard) although 
this figure is probably high, inasmuch as cysteine and tryptophan 
increase the color yield. Further characterization of the pre 
sumed carbohydrate moiety was not done. 

Interaction of Inhibitor and Proteinase A—The inhibition of 
proteinase A was studied with two different enzyme preparations: 
Fraction EDP-1 ((ko) mg, 1.46) and a highly purified preparation 
(Fraction PA-IIT; (Ko) mg, 81; see (2)). With the enzyme prep- 
aration of lower specific activity, the inhibition of proteinase A 
was proportional to the inhibitor concentration to the point of 
65% inhibition (Fig. 5). 


stoichiometrically. Although proteinase A was completely in- 


5F. Lamy, D. Platt, and C. J. Martin, to be published. 
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hibited, it will be noticed that the total esterase activity was not. 
The uninhibited esterase activity is that due to the A,-esterase. 
When the inhibition of the purified proteinase A preparation, 
free of the A.-esterase,* was examined, complete and stoichio- 
metric inhibition of activity wasdemonstrated. The data in Fig. 
5 also show that the inhibition was independent of enzyme con- 
centration because doubling the enzyme concentration increased 
by 2-fold the amount of inhibitor required for complete inhibi- 
tion. Although the specific activities for the two enzyme prep- 
arations differed by almost 60-fold, the (J) mz determined from 
the data in Fig. 5 was 9.3 and 9.5 with Fractions EDP-1 and 
PA-III, respectively, as the test enzymes. Thus, the amount 
of inhibitor required for the inhibition of proteinase A is unaf- 
fected by other components in the enzyme preparations. How- 
ever, it will be noticed that the binding of inhibitor to enzyme 
in Fraction PA-III is much tighter than to proteinase A in the 
less purified preparation. On a weight basis, 7.8 mg of Fraction 
S-4 will inhibit 1.0 mg of the highly purified proteinase A prep- 
aration. 

That the inhibitor will not inhibit the A,-esterase was definitely 
proven by measurement of the rate of ATEE hydrolysis with an 
A,esterase preparation free of proteinase A (Fraction CS-2, see 
(9)). In the presence or absence of the inhibitor, the velocity 
of hydrolysis was equal. 

Stability of Inhibitor—Between an approximate pH of 3 to 10, 
essentially no loss of activity was observed in 2 hours at 1° 
(Fig. 6). Below pH 3.0, the activity was rapidly lost; at pH 
2.0, all of the inhibitor was destroyed in the same time interval. 
After 45 hours, maximal stability was evidenced at pH 4.0, al- 
though even above this pH the instability was not too pro- 
nounced, e.g. 75% of the activity was left at pH 10.0. 

After storage for 3 months at —20° and pH 6.0, the activity 
was not diminished. 

The inhibitor preparation can be concentrated by dialysis 
against polyvinylpyrrolidone followed by exhaustive dialysis 
against ion-exchanged water and subsequent lyophilization with- 
out loss of activity. 

Exposure to room temperature for 4 days resulted in a 90% 
loss of activity. The stability of the inhibitor to higher tempera- 
tures is given in Table IT. 


DISCUSSION 


' Several lines of evidence, viz. chromatographic, electrophoretic, 
and ultracentrifugal analysis, would indicate that the proteinase 
A sheep serum inhibitor has been obtained in an apparently 


‘When this enzyme was first purified (see (2)) the (A)ATE= 
ie. proteinase A units per ml of Fraction PA-III with ATEE as 
substrate, was 84.2 and the (A,)AT®®, z.e. Ai-esterase units per ml 
of enzyme, was 16.8. Thus, 83.4% of the total ATEEase activity 
could be inhibited by the sheep serum inhibitor. After storage 
for2 years at —20°, the data in Fig. 5 for the lower enzyme concen- 
tration show that complete inhibition of enzyme activity is now 
obtained and would indicate that the A;-esterase had been inacti- 
vated during storage. This is buttressed by (a) the close corre- 
spondence of the previous and present (A)ATE® value (81.0); and 
(b) the ratio of total ATEEase activity to that obtained with L- 
tyrosine ethyl ester as substrate being that expected for the pres- 
ence of only proteinase A (see (2)). After the time period men- 
tioned above, insoluble material was present which was removed 
by centrifugation. Determination of the protein concentration 
in solution, coupled with activity measurements, indicate that 


this represents an approximately 1200-fold purified proteinase A 
preparation. 
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Fig. 5. The inhibition of proteinase A by the sheep serum in- 
hibitor. @——®@, Fraction EDP-1 with (ko)mg, 1.46, and open 
symbols, Fraction PA-III with (ko)mg, 81.0 (A A, 0.017 ml of 


enzyme per incubation tube; O O, 0.034 ml of enzyme per 
incubation tube). 
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tivity was determined after 2 hours (O——O) and after 45 hours 
(A—A). 


homogeneous state despite the modest purification factor of 
approximately 12-fold. However, the small increase in specific 
activity can be reasonably rationalized with the assumption that 
more than one inhibitor to proteinase A is present in sheep serum 
but that the multiplicity of such components decreases as frac- 
tionation progresses. If this were the case, the apparent amount 
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TaBLeE II 
Temperature stability of inhibitor 
Fraction S-4 (0.50 ml) was placed in small glass-stoppered 
tubes and immersed in a water bath at the indicated temperatures 
for 10 minutes before being cooled and assayed for remaining 
activity. 








Temperature Activity left 
% 
50° 87 
60° 65 
70° 46 
80° 29 





of purification obtained would be less than the true purification 
factor. 

Certain comparisons may be made of the sheep serum inhibitor 
with other inhibitors reported in the literature although a more 
definitive comparison must await the completion of studies in- 
volving the use of other test enzymes.’ The value of 3.91 S 
obtained for the sedimentation constant is higher than that re- 
ported by Shulman (10) forthe acid-stable inhibitor (s°20,., 
2.04 S at pH 7.05) isolated from urine. Likewise, the sedimenta- 
tion constant of the sheep serum inhibitor differs from that given 
by Bundy and Mehl (s°29,., 3.41 8 at pH 7.14) for the chymo- 
trypsin and trypsin inhibitor of human plasma (11) and from 
the trypsin inhibitor of Gray et al. (s°20,~, 3.48 S at pH 7.6) (12) 
and of Wu and Laskowski (s°29,., 3.3 S at pH 6.8) (13). The 
latter two inhibitors were obtained from bovine serum and 
plasma, respectively. 

At pH 8.65, the mobility of the sheep serum inhibitor is similar 
to that of an a;-globulin. Bundy and Mehl (11) and Moll e¢ al. 
(14) have reported that their human trypsin inhibitor is an a- 
globulin although its rather pronounced acid lability would ap- 
pear to preclude identity with the inhibitor reported in this paper. 
The bovine plasma trypsin inhibitor of Wu and Laskowski (13) 
also represents an inhibitor unstable to acid treatment; prolonged 
exposure to pH 4 or lower resulting in destruction. However, 
the absence of quantitative data in their paper prevents com- 
parison. The sheep serum inhibitor is much less stable to room 
temperature or to acid pH values than the inhibitor preparation 
of Shulman (10) which also has a lower isoelectric point (pH 
2.8). The inhibitor of Bundy and Mehl (11) has an isoelectric 
point (near pH 4.0) close to that of the sheep serum inhibitor 
(pH 4.3), whereas Wu and Laskowski (13) report that the iso- 
electric point of their inhibitor is somewhat below pH 3.85. 

On the basis of the above differences, the sheep serum inhibitor 
can be provisionally considered to be different from inhibitors 
isolated by other investigators. 


7 In a subsequent paper, it will be shown that the sheep serum 
inhibitor will inhibit both trypsin and chymotrypsin. 
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SUMMARY 


An inhibitor of proteinase A has been purified from sheep 
serum by a fractionation procedure involving ammonium sulfate 
precipitation and chromatography on IRC-50 resin. Although 
the apparent purification factor was only 12-fold, the inhibito 
appeared to be homogeneous by several criteria. Moving 
boundary electrophoresis at different pH values showed only g 
single component with the mobility of an a;-globulin. The igo. 
electric point was at pH 4.3. Likewise, adsorption onto eithe 
diethylaminoethyl or ECTEOLA-cellulose columns followed by 
gradient elution gave only a single protein peak that coincided 
with the position of the inhibitor of unchanged specific activity, 
In the ultracentrifuge, all of the protein moved as a single, sym. 
metrical peak with s°2,~ equal to 3.91 S. 

The reaction between proteinase A and the inhibitor was 
stoichiometric and produced complete inhibition. The activity | 
of the A,-esterase, an enzyme also present in rat skin extracts | 
and with a substrate specificity similar to that of proteinase 4, } 
was not affected by the inhibitor. 

The properties of the inhibitor from sheep serum have been 
compared with the properties of other proteolytic enzyme in. 
hibitors. 


Acknowledgments—The author wishes to express his apprecia- 
tion to Dr. David Platt of this Department for the electrophoretic | 
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omy for ultracentrifugal data. 
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In earlier studies of synthetic polypeptides as antigens, Stah- 
mann et al. (1-6) found that antisera to these caused cross-reac- 
| tions with polypeptidy! proteins and some native proteins, but 
not with the synthetic polypeptides themselves. Sela et al. 
(7-11) subsequently described the antigenicity of polytyrosy! 
gelatins and Maurer et al. (12) demonstrated a very weak anti- 
body response to copoly-L-glutamic acid-L-lysine (6:4) by the 
passive cutaneous anaphylaxis test. 

In the first paper of this series (13), we reported the elicitation 
' of high titers of precipitating antibodies by a synthetic linear 
polypeptide containing L-glutamic acid, L-lysine, and L-tyrosine. 
Sela and Arnon (14, 15) also reported high antibody titers against 
a branched chain synthetic polypeptide consisting of chains of 
i-tyrosine and L-glutamic acid built on a backbone of multi-poly- 
pL-alanyl-poly-L-lysine. 

Recently, Maurer (16) and Gill and Doty (17) have reported 
that appreciable amounts of antibodies to copoly-L-glutamic acid- 
L-lysine (6:4) can be detected by the precipitin reaction. 

In this paper, we have extended our study of the immuno- 
chemical properties of linear synthetic polypeptides containing 
different combinations of L-glutamic acid, L-lysine, L-tyrosine, 
and L-phenylalanine. These polymers were all soluble at 
physiological pH and ionic strength and thus served as better 
| protein models than the original polymer (13), which was 

soluble only above pH 10. In using these synthetic polypeptides 
| as protein models in immunochemical systems, we are concerned 
with three questions: (a) the minimal compositional and struc- 
' tural requirements for eliciting precipitating antibody; (0) 
the structure, size, and specificity of the antigenic combining 
sites; and (c) the role of the aromatic amino acids in antigenicity. 
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EXPERIMENTAL PROCEDURE 


Groups of 8 to 10 albino rabbits weighing 2 to 2.5 kg each 
were bled for control sera and then immunized with polypeptides 
| 6,7, 8,9, 12, 16, and 17. The composition, molecular weight, 
and helical content of these polypeptides, summarized from 
another paper (18), are listed in Table I. The immunizing 
mixture consisted of the dissolved polypeptide emulsified with 
complete Freund’s adjuvant (Difco Laboratories) to which addi- 
tional killed tubercle bacilli were added. The final concentra- 
tions in the immunizing emulsion were 8 mg per ml of the poly- 
peptide and 3 mg per ml of additional tubercle bacilli. 
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animal received 0.3 ml of the emulsion subcutaneously in each 
hindfoot pad and 0.4 ml subcutaneously in the back of the neck. 
The animals were bled and skin-tested 3 weeks later (first bleed- 
ing), given 8 mg of the antigen in saline-phosphate buffer (18) in 
the same distribution as the adjuvant emulsion, rested for 2 
weeks, then bled again (second bleeding). The groups immunized 
with 6 and 16 were not skin-tested, since the former polypeptide 
was dissolved at pH 10 (exposure to which was alone sufficient 
to cause skin reactions) and the latter was cytotoxic. The skin 
testing was performed with 1 mg of the immunizing polypeptide 
dissolved in 0.1 ml of 0.15 m saline-phosphate buffer at pH 7.6. 
The test sites were examined at intervals for 7 days and the skin 
reactions in the rabbits were classified as Arthus reactions of the 
early (Type I) or delayed (Type II) onset type and graded from 
Oto ++++. The details of the skin tests will be discussed in 
a subsequent paper.! 

To study the immune response to the synthetic polypeptides 
in guinea pigs, groups of five animals each were immunized either 
with 5 to 1000 ug of the free polypeptide in Freund’s adjuvant 
or with 45 ug of the polypeptide in the form of a specific precipi- 
tate formed in the antibody excess region and emulsified in 
complete Freund’s adjuvant (19).2 Each group was skin- 
tested only once with 10 or 20 ug of polypeptide in 0.1 ml of 
saline-phosphate buffer at pH 7.6 and the reactions graded from 
0 to ++++4 according to the scheme of Benacerraf and Gell 
(20). Polylysine could not be used for skin testing, since it was 
cytotoxic, or for intravenous injection, since it was lethal. Sepa- 
rate groups were skin-tested at 6, 12, and 15 days; in all, 180 ani- 
mals were studied. 

The precipitin curves and antibody quantitations were carried 
out in duplicate on individual sera, with the optimal conditions 
for these systems as discussed below. To obtain the points on 
the precipitin curve, varying amounts of antigen dissolved in 0.4 
ml of saline-phosphate buffer were added to 0.4 ml aliquots of 
antiserum, and the amount of antibody in 1.0 ml of antiserum 
was calculated (21). The total amount of antibody in each 
antiserum was estimated by adding 0.5 to 1.0 ug of antigen N to 
0.4 ml aliquots of antiserum until precipitation ceased and then 
determining the amount of antibody precipitated per ml of 
antiserum (22). The amount of antibody was determined more 
accurately by adding to fresh 0.4 ml aliquots of antiserum the 
amount of antigen previously used and to other 0.4 ml aliquots, 


1T. J. Gill, III, and G. J. Dammin, in preparation. 
2 We wish to acknowledge the help of Mr. Edward Friedman in 
carrying out some of these experiments. 
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somewhat more and somewhat less antigen; the total reaction 
volume in each case was 0.8 ml. The amount of precipitate was 
determined by dissolving it in 0.25 n acetic acid and measuring 
its absorbancy at 277 my (23, 24). A Beckman model DU 
spectrophotometer equipped with a standard microcell attach- 
ment and microcells requiring as little as 0.1 ml of solution were 
used. This method allowed the detection of 1 ug of antibody 
N per ml of serum with an accuracy and precision of 10%. 

To show that the spectrum of the dissolved precipitate was 
due to y-globulin, without appreciable contribution from the 
antigen, spectra of the dissolved specific precipitates of 7 and 12 
formed in the equivalence zone and of purified rabbit y-globulin 
were taken on a Beckman model DK 2 recording spectrophotom- 
eter and normalized to a maximal absorbancy of 1.0 ((Amax = 


TABLE I 
Composition, molecular weight, and helical content of 
polypeptides (i8) 








Polypeptide | Glu Lys Phe | Tyr | Molecular | Helix 
| mole % % 
6 49.8 | 34.3 | 0 15.9 | 98,000 0 
7 56.4 37.8 | 0 | 5.8 | 110,000 | 15 
8 59.0 | 41.0 | 0 | 0 | 101,000 | 20 
9 | 5.1 | 426) 0 | 1.8 81,000 | 20 
10 | 61.6 | 33.4 | 5.0 0 63,000 | 15 
11 | 58 41 4-2 
12 | 57.1 | 33.9 | 9.0 | 0 61,000 | 15 
16 | O | 00 | 0 | oO 324 ,000 
17 | 100 0 | 0 0 84,000 








Relative Absorbancy 











Wavelength (my) 


Fig. 1. Spectra of normal rabbit y-globulin (RyG) and the dis- 
solved specific precipitates of 7 and 12 formed in the equivalence 
zone; all spectra were normalized to a maximal absorbancy of 
1.0 (Amax = 277 mu). The superimposability of the spectra indi- 
cates that only the y-globulin in the specific precipitates absorbs. 
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TaB_e II 


Effect of temperature on amount and composition of specific precipi. 
tate formed in antibody excess region by radioiodinated poly. 
peptide 7 dissolved in 1.0 ml of saline-phosphate buffer 
and 1.0 ml of pooled anti-7 sera after incubation at 
4° for 5 days or at different temperatures 
for 15 hours 














Temperatures 
AgN | Timeof  |Antibody Antigen ;, 
ae i — | storage | Precipitate 
Mixing Incubation Storage | 
Mg | | s/n % 
3.5 | 37° | 37° (1 hr) 4° 5 days 31 92 
25° | 37° (1 hr) | 4° 5 days 30 90 
25° None 4° 5 days 34 92 
4° None 4° | 5 days 35 94 
18.0 25° | None 4° | 15 hours | 185 
25° | 15 hours! 147 
37° ri! 


| 15 hours | 





TABLE III 


Effect of pH and ionic strength on amount of specific precipita 
formed in antibody excess region by 18 ug N of polypeptide 
7 dissolved in 1.0 ml of saline-phosphate buffer and 1.0 ml 

of pooled anti-? sera after incubation at 4° for & days 





Final [NaCl] Antibody N 








ug/ml 
156 
185 
130 
186 
185 
164 
149 
111 
18 


0.15 


Nroocoo 
— ee Cr We ee 
= = GI to 








277 my). The results are shown in Fig. 1, where the agreement | 
among the three spectra is seen to be excellent. The amount oi 
y-globulin in the specific precipitate can thus be determined 
directly from the absorbancy at 277 my, since the absorbancy of 
8 and 12 at this wave length is not significant and that of 6 and | 
7 is less than 5% of the total absorbancy of the dissolved precipi- | 
tate throughout the entire range of the precipitin reaction. 

The optimal conditions for carrying out the precipitin reactions 
were determined by studying the effects of time, temperature, | 
pH, ionic strength, number and volume of washings, and dilv- 
tion on the amount of precipitate formed in the antibody exces | 
region. The specific precipitates studied in Tables II, III, and 
IV were formed by adding the amount of antigen indicated in 
each Table dissolved in 1.0 ml of saline-phosphate buffer to 1. 
ml of pooled anti-7 sera which contained 186 ug of antibody \ 
per ml at the antibody excess end of the equivalence zone. The 
specific precipitates in Table V were formed by adding 0.52 
ug N of polypeptide 7 in saline-phosphate buffer to 0.4 ml o 
antiserum 4884 (second bleeding). In Tables II, V, and VIII, 
the amount of antigen in the precipitate was determined directly 
by using radioiodinated polypeptide 7 (25). 

The gel diffusion studies were carried out in tubes (26) with | 
0.6% saline-phosphate agar at pH 7.6 and in plates (27) with ' 
1% saline-phosphate agar at pH 7.6. The diffusion was allowed 
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to proceed for 7 days at 4°. Initially, several different antigen 




















C precipi. concentrations were used with each serum to determine the opti- 
d poly. — mal conditions for the subsequent diffusion experiments. 

iffer 

at RESULTS 

The physicochemical characteristics of the specific precipitate, 

—_ which were used to determine the conditions under which the 

j precipitin reactions were carried out, are summarized in Tables 

, ment II, II, IV, and V. The amount of precipitate formed is quite 

dependent on pH, ionic strength, dilution, and temperature. 

; = With the behavior of the precipitate thus examined, the optimal 

92 conditions for carrying out the precipitin reaction are seen to be: 

9 (a) pH7.6 and NaCl concentration of 0.15 m; (6) total volume of 

92 no more than three times that of the antiserum; (c) mixture and 

% storage of the reactants at 4°; (d) analysis of the precipitate after 

at least 15 hours at 4°; and (e) washing the precipitate twice with 

1.5 ml of cold 0.9% NaCl solution. The data presented in 

Table IV also indicate that the precipitate is only slightly soluble 

~~ in cold 0.9% NaCl solution, since little if any dissolves after five 

washings with 0.5 ml of 0.9% NaCl solution. The precipitate is, 

Re however, quite soluble at higher temperatures, as shown in 

phn Table II. The maximal reaction volume was limited to three 

ape times that of the antiserum, because less than 90% of the antigen 
lays was precipitated at higher dilutions, as shown in Table V. 

The effect of high concentrations of NaCl on the precipitate 
dy N formed at the antibody excess end of the equivalence zone was 
mi. studied with radioiodinated polypeptide 7. NaCl, 2 M, will dis- 
6 
5 TABLE IV 
0 Effect of washing on amount of specific precipitate formed in 
6 antibody excess region by 18 pg N of polypeptide 7 
5 dissolved in 1.0 ml of saline-phosphate buffer and 
4 1.0 ml of pooled anti-7 sera after incubation at 4° 
: for & days 
8 Wash volume Washings Antibody N 

ml ug/ml 
| 1.5 | 2 185 
deer 1.5 2 (stand 1 hour) 187 
amount oi 0.5 2 198 
etermined | 0.5 2 (stand 1 hour) 185 
rbancy oj 0.5 | 3 179 
t of 6 and 0.5 | 4 179 
ad precipi- | 0.5 | 5 181 
tion. 
1 reactions | 
nperature, | TABLE V 
and dil-| Effect on dilution on amount of specific precipitate formed in 
ody excess | antibody excess region by 0.62 yg N of radioiodinated 
a Ill, and polypeptide 7 dissolved in saline-phosphate 
dicated in buffer and 0.4 ml of antiserum 4884 
fer to 1.0 (second bleeding) 
tibody N | Total reaction volume | Antibody N Antigen in precipitate 
one. The 
ding 0.52 ml | Hs % 
0.4 ml a | 0.5 | 14 98 
and VIII, | 0.6 | 14 95 
nae 0.8 14 92 
od directly “a | a ve 
x 1.4 14 90 
(26) with | 1.6 14 88 
(27) with 2.0 | 15 81 
as allowed 
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TaBLe VI 
Immune response to synthetic polypeptides in rabbits 
Antibody N in serum Arthus reaction 
Polypeptide 
| First bleeding Scan Type Severity 
| ug/ml | 
6 0 | 0 Cytotoxic 
| 37 | 91 
0 
5 5 
34 34 
14 
10 10 
Avg. 14 28 
4 35 158 I opt 
230 446 I tat 
| 46 58 I +--+ 
12 + 
103 151 I ++++ 
260 329 I ++++ 
45 131 I ++4++ 
| Avg. 104 212 
8 | 6. 060 |s8t 0 
179 282 I e+ 
84 30 0 
6 5 0 
0 8 0 
49 45 0 
Avg. 63 70 
9 47 37 II tap 
36 37 II ao 
51 40 II ae 
16 II T+ 
69 82 II t++ 
53 52 II +++ 
36 25 II ++ 
13 12 II aoe 
Avg. 40 41 
12 98 156 I ++++ 
156 118 I +++ 
92 I ++++ 
112 I ++++ 
10 0 
28 13 0 
24 68 I +++ 
0 46 0 
Avg. 65 80 
16* 0 0 Cytotoxic 
i* 0 0 0 
* 8 sera. 


sociate up to 50% of the antibody from the precipitate without 
bringing any antigen into solution and thus can be used to ob- 
tain pure antibody. This ionic strength dependence of anti- 
body-antigen equilibrium in the specific precipitate had been 
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TaBLeE VII 
Immune response to synthetic polypeptides in guinea pigs 





Response (12 to 15 days) 








| See et se 
peptide immunization antigen atti Delayed | “a % 
| phylaxis 
7 Free antigen 7 | 3/15 (+)| 1/15 (4¢+++)| 1/12 
8 | 3/4 (+) | 0/44 1/4 
Specific pre- 
cipitate 7 | 0/6 1/6 (++) 0/6 
8 Free antigen rj 5/5 (+) | 0/5 0/5 
| 8 | 8/15 (+)| 2/15 (++) 1/11 
| Specific pre- | 
cipitate 8 | 0/6 | 1/6 (+) 0/6 
9 Free antigen 9 | 6/8 (+) | 4/8 (++++4+) | 3/4 
Specific pre- 
cipitate 9 | 0/5 2/5 (++) 0/5 
12 | Free antigen; 12 | 5/12 (+)| 1/12 (+++) 1/7 
Specific pre- 
cipitate 12 | 0/6 0/6 0/6 
16 Free antigen 8 | 0/8 0/8 
17 7 | 0/8 0/8 0/8 


Free antigen; 1 














¥g antibody nitrogen/m! serum 








rn 1 4 ! 
40 


yg Antigen Nitrogen 





1 
60 100 


Fig. 2. Precipitin curve of 6 and antiserum 4910 II in carbonate 
buffer at pH 10.0. The precipitate is almost completely soluble 
in antigen excess. 


observed previously in polysaccharides (28). Further treat- 
ment of the antibody-synthetic polypeptide precipitate with 
4 m NaCl brings up to 30% more antibody into solution, but 
will also dissolve approximately 4% of the antigen. 

The immunological response of rabbits to the synthetic poly- 
peptides is shown in Table VI. The immunological response of 
guinea pigs at 12 to 15 days is shown in Table VII; there was no 
significant response before that time. The synthetic polypep- 
tides that were antigenic are good antigens in rabbits and poor, 
erratic antigens in guinea pigs, hence, all subsequent studies were 
carried out in rabbits. 

In terms of precipitating antibody production, 7 is the strong- 
est antigen, 8, 9, and 12 are intermediate and 6 is the least 
antigenic. The true antigenicity of 6 is difficult to ascertain, 
however, since the precipitin reactions were carried out at pH 
10.0 where the precipitate is partially soluble (see Table III). 
Neither poly-t-lysine nor poly-t-glutamic acid, polymers 16 and 
17, respectively, gave a precipitin test. The antisera to 9 did not 
give significantly higher titers when cross-reacted with each of 
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the other polymers, and the antisera to 16 and 17 did not show 


any precipitating antibodies when cross-reacted with each of the | 


other polypeptides. 

The antigenic response described in the first paper of this 
series (13) was elicited by a polypeptide of the same composition 
as polymer 6, that is, containing 16% tyrosine. The quite high 
antibody titers reported for this first synthetic polypeptide, 
number 3 in our series, were undoubtedly due to the heayy 
immunization schedule. We deliberately sought a lower level of 
immunization in this work to narrow as much as possible the 
polydispersity of the antibody response. 


The sera were studied by gel diffusion in tubes and plates, both | 


of which gave essentially the same results. The antisera to 7 
and the strongest antiserum to 8 showed either one or two bands, 
the second of which was usually quite weak; the development of g 
second band was most frequent with the antisera from the second 
bleeding. The band nearer the antigen solution was always 
wide while the other band, if present, was fairly narrow. The 
antisera to 6 and 12 gave only one band. 

The precipitin curves for selected antisera against each of 
the polypeptides are shown in Figs. 2 to 5. 
cant precipitation with any of the preimmunization sera or with 
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Fic. 3. A. Precipitin curves of 7 and two strong antisera 4882 
II (7A) and 4873 II (7B) in saline-phosphate buffer at pH 75. 
The precipitate is not completely soluble in antigen excess. 3. 
Precipitin curve of 7 and a weak antiserum 4876 II (7C) in saline- 
phosphate buffer at pH 7.6. The precipitate is not completely 
soluble in antigen excess. 
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Fic. 4. Precipitin curve of 8 and antiserum 4886 II in saline- 


phosphate buffer at pH 7.6. The precipitate is not completely 
soluble in antigen excess. 
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Fic. 5. Precipitin curves of 12 and antisera 4847 II (12A) and 


4846 II (12B) in saline-phosphate buffer at pH 7.6. The precipi- 
tate is almost completely soluble in antigen excess. 





TaBLe VIII 


Data for precipitin curve with antiserum 4884 (second bleeding) and 
radioiodinated polypeptide 7 and incubating at 4° for 5 days 

















‘ , r i Excess in supernatant 
sagen | ASE | recta 
| Antibody Antigen 
ug ug/ml | % 
0.8 %6 | 91 +4 0 
1.3 34 92 +> 0 
1.8 52 90 ad 0 
7.2 116 72 de iis 
13.1 131 | 50 0 + 
16.3 125 | 652 0 44 
18.6 119 | 47 0 + 











control sera from animals immunized with an emulsion of 
Freund’s adjuvant and 0.9% NaCl solution. None of the 
precipitates were completely soluble in antigen excess, but those 
of 6 and 12 were almost completely soluble. 

By use of radioiodinated polypeptide 7, it was possible to 
determine the percentage of the antigen added that was in the 
These data are summarized in Table VIII which 


YUM 


T. J. Gill, III, and P. Doty 


2681 


shows that the percentage of antigen in the precipitate falls as the 
equivalence zone is approached. The antibody-antigen ratios 
are in the neighborhood of those found only with much larger 
molecules (29-31). 

All of the polypeptides cross-reacted to a large but variable 
extent with each of the antisera. The precipitin curves for the 
cross-reactions are shown in Fig.6A and B. Of the antibody that 
did not precipitate in the initial cross-reaction, some was pre- 
cipitable with one of the other synthetic polypeptide antigens 
and some remained in thesupernatant. The data for the analysis 
of the cross-reaction studies are given in Table IX. Themaximal 
precipitable antibody was taken as the sum of the maximal 
amount of antibody precipitable in the cross-reaction and in the 
supernatant analysis. The latter was obtained by adding 1 yg 
of the test antigen in 0.1 ml of buffer to aliquots of the super- 
natant until no more precipitation occurred. 

The serological response to the synthetic antigens was further 
defined by isolating the antibody activity in the y-globulin 
fraction of the serum obtained by precipitation with Na2SO, and 
also by starch block electrophoresis of the whole serum. The 
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Fic. 6. A. Precipitin curves for the cross-reaction studies with 
antisera to 6 and 7 in saline-phosphate buffer at pH 7.6. B. Pre- 
cipitin curves for the cross-reaction studies with antisera to 8 and 
12 in saline-phosphate buffer at pH 7.6. 
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TaBLe IX 
Quantitative analyses of cross-reaction studies 


| | | | 
| 
| 





| Maximal precipitable antibody 




















Maximal | — Super- 
Antiserum) Antige | antibody | test natant Precipi- 
| N | antigen |@atibody| Cross- |table trom/Remaining 
| | } reacting| super- jin solution 
| natant 
| | g/ml | us/mi | % % % 
6 | 7 | 5s | 9 | 41 40 | 29 31 
} 8 | 42 | 9 | 60 30 | 43 27 
| 9 | 6 | 7 | 8 a7 | 6 47 
| 10* 47 9 | 94 33 67 0 
7 | 7! 96 7 | o| wl] o 0 
8 | 49 7 | 6} 8 | 3 | wt 
| 9 66 Sain 69 | 7 24 
| 10 | 355 7 | 2 57 | 24 19 
| | | 
8 | 7] &@ | nN | 8 60) 5 | 35 
| 8 2 | ul | 1 46 | 2 | 82 
|e] a ll | 7 37 | 12 51 
}10 | 37 |; 4 | 65 7 | 98 
} a | 44 s 4| 7] 7 | 16 
| 12* | 41 11” | 16 72 | 2 | O 
2 | 7 | 7 2 | u sv | 13 | 0 
| 8 | 44 12 | 27 51 | 31 18 
9 50 12 | 16 58 | 19 | 13 
| 10 | 7% 12 | 9 | 8 | 0 | 2 
ul 67 | 12 | 16 78 | 19 | 38 
| O | 10} oO | Oo 


32° &4 12 





* Maximal precipitable antibody N = micrograms of antibody 
N per ml in cross-reaction + micrograms of antibody N per ml in 
supernatant. . 


persistence of antibody activity in serum at 4° for 22 months 
was demonstrated by the precipitin reaction in the antiserum 
to the first synthetic polypeptide studied (13). 


DISCUSSION 


In the polypeptides investigated, the minimal compositional 
requirement for the consistent elicitation of precipitating anti- 
bodies is the presence of both glutamic acid and lysine. Neither 
polyglutamic acid nor polylysine elicited antibodies that would 
react with any of the synthetic antigens, the results of Maurer 
(32) and Stahmann et al. (1, 5) being thus confirmed. 

The presence of aromatic amino acids in the antigen was not 
necessary to elicit antibody production, but did alter the nature 
and magnitude of the response. The presence of 6% tyrosine 
in the antigen greatly increased the amount of antibody produced 
and provoked strong Arthus reactions with an early onset. The 
presence of 1% tyrosine, however, did not increase the amount 
of antibody produced and caused Arthus reactions with a delayed 
onset. Phenylalanine did not greatly influence the average 
amount of antibody produced, but caused the animals to show 
much stronger Arthus reactions with an early onset. 

Haurowitz (33) postulated the necessity of areas of rigidity 
for the antigenicity of proteins and Sela and Arnon (11) inter- 
preted the enhancement of the antigenicity of gelatin by the 
attachment of cyclohexylalanine as being due to the introduction 
of rigid regions. The results of the investigations reported here 
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indicate that if rigidity is indeed a factor in the antigenicity o 
synthetic polypeptides, the aromatic amino acids are not neces. 
sary to produce it. On the other hand, such a requirement might 
be fulfilled by the presence of a-helical structures. 


SUMMARY 


A group of linear synthetic polypeptides consisting of differen; 
combinations of t-glutamic acid, L-lysine, L-tyrosine, and 1, 
phenylalanine, and in the molecular weight range 50,000 t 
100,000, elicit the production of precipitating antibodies and 
Arthus skin reactions in the rabbit; they are poor antigens jy 
guinea pigs. The minimal requirement for antigenicity in the 
polypeptides tested is the presence of glutamic acid and lysine 
(6:4). Neither polylysine nor polyglutamic acid will elicit 
the production of precipitating antibodies. The presence oj 
tyrosine or phenylalanine in the polypeptide changes the magni. 
tude of the antibody response and the nature and magnitude of 
the skin reactivity. The most powerful antigen contained 
glutamic acid, lysine, and 6% tyrosine. The presence of 94%, 
phenylalanine in the polypeptide increased the antibody produ. 
tion moderately and the skin reactivity markedly. All of the’ 
polypeptides containing glutamic acid and lysine cross-reacted 
to a large but variable extent with each of the different antisera, 
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In an earlier publication (1), the preparation of threonine de- 
hydrase from sheep liver with a specific activity of 34.6 units 
per mg of protein was reported. The present communication 
describes the procedure for the further purification of this en- 
zyme to a specific activity of up to 776 units per mg of protein 
and the results of a study of certain of its properties. 


EXPERIMENTAL PROCEDURE 


Materials—t-Threonine, L-serine, and pyridoxal-P monohy- 
drate were purchased from the California Corporation for Bio- 
chemical Research, a-ketobutyric acid from the Nutritional Bio- 
chemical Corporation, pyruvic acid from the Fisher Scientific 
Company, and DEAE-cellulose from Eastman Organic Chemi- 
cals. pu-Allothreonine and t-allothreonine were kindly fur- 
nished by Dr. Alton Meister of Tufts University School of Medi- 
cine. 


Enzyme Assay Method 


During purification, the enzyme was assayed as has been de- 
scribed previously (1). Briefly, it consisted of incubating 50 
pmoles of L-threonine or L-serine, enzyme, and 0.1 m potassium 
phosphate buffer, pH 7.2,! in a total volume of 3 ml in 10-ml 
vials with snap caps at 37° for 30 minutes in a Dubnoff meta- 
bolic shaking incubator. At the end of the incubation, 0.5 ml 
of 25% trichloroacetic acid was added to stop the reaction, and 
the coagulated protein was removed by centrifugation. The 
keto acid was determined by adding | ml of 0.1% dinitropheny]- 
hydrazine solution (1 mg per ml in 2 n HCl) to aliquots of the 
incubation mixture, and after 5 minutes, 2.0 ml of absolute 
ethanol were added with shaking; 5.0 ml of 2.5 n NaOH were 
then added rapidly from a blow-out pipet, and the solution was 
shaken vigorously. After the solution was allowed to stand for 
10 minutes to develop the color, the optical density was read at 
515 mp in a Beckman model B spectrophotometer in Pyrex 
glass cuvettes (2). The keto acid present was read from stand- 
ard calibration curves. 

Ammonia Determination—When added ingredients interfered 


* Aided by research grants from The National Institutes of 
Health (H-3074 and CY-3075) and the Cancer Research Funds of 
the University. 

+ Prepared from a thesis for the degree of Doctor of Philosophy 
submitted by Jonathan S. Nishimura to the Graduate Division 
(Northern Section) of the University of California, September, 
1959. Microfilm or photostatic copies may be secured on order 
from the University of California Library, Berkeley, California. 
Present address, Department of Biochemistry, Tufts University 
School of Medicine, Boston 11, Massachusetts. 

1 When phosphate buffer is mentioned in the text, it refers to 
pH 7.2 and the potassium salt. 
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with the keto acid estimation, the enzyme activity was assayed 
by the ammonia formed. This was analyzed by the Conway 
microdiffusion method (3). The ammonia was reacted with 
Nessler’s reagent, and the color was read at 420 my in the Beck. 
man model B spectrophotometer. Comparison of the propor. 
tionality between the keto acid and ammonia formed in the 
enzymatic reaction showed this was in equimolar ratio. Deter. 
mination of threonine or serine present in incubation mixture } 
was also carried out by determination of the ammonia liberated 
after decomposition with periodic acid (4). One mole of am. | 
monia is obtained per mole of each of the above amino acids, 

Protein Determination—During most of the enzyme purifca | 
tion, the protein content was determined by the biuret method 
(5). In the final stages of purification on a DEAE-cellulos 
column, the absorption in the ultraviolet at 280 and 260 mu was 
used (5). An absorption of 1.0 optical density unit at 280 mj 
of the purified enzyme in a cell with a 1-cm light path (volume, 
3 ml) was equivalent to 1.0 mg of protein, as determined by the | 
biuret reaction. 

Enzyme Unit and Specific Activity—An enzyme unit is defined | 
as the amount of enzyme producing 1 ymole of keto acid per | 
hour. Specific activity is represented as micromoles of keto 
acid formed per mg of protein per hour. 


Enzyme Fractionation Procedure 


The levels of threonine dehydrase in individual sheep livers | 
varied widely. Consequently, 10 livers packed in ice wer | 
brought from the abattoir for each isolation attempt. Each | 
liver was tested rapidly for threonine dehydrase activity, by ' 
homogenizing 20 g of liver with 40 ml of 0.1 m phosphate buffer, 
pH 7.2, and assaying the crude homogenate. Enzyme activities 
varied from none to 160 units per g of liver. Only those liver | 
(about 1 in 10) with one-half or more of the maximal activity 
were fractionated. 

Preparation of Homogenate—The livers were washed with cold 
distilled water, the large blood vessels were dissected out, and 
the tissue was minced. The minced liver (1 kg) was then ho- 
mogenized with 2 volumes of 0.1 m phosphate buffer, pH 7.2, 
for 1 minute in a large stainless steel Waring Blendor. 

First Heat Treatment—The homogenate (1-liter batches) was 
heated with constant stirring in a 90° water bath to a temper 
ture of 70° (required heating time about 10 minutes), then! 
quickly chilled in ice water. The heated material was centt- 
fuged in 250-ml plastic bottles (Nalge Company) in a Lourdes 
refrigerated centrifuge at 0° at 4000 x g for 15 minutes. The | 
precipitates were extracted once with 1 volume of 0.1 m phos | 
phate buffer, pH 7.2, equal to that of the initial supernatant | 
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liquid. The washings were added to the supernatant liquid, 
and the precipitates were discarded. 

First Ammonium Sulfate Fractionation—The supernatant fluid 
was adjusted to pH 7.2 with concentrated ammonium hydroxide, 
and solid ammonium sulfate was added to 40% saturation with 
mechanical stirring. The pH was then readjusted to 7.2 with 
concentrated ammonium hydroxide. The mixture was then 
allowed to stand at 0° until flocculation occurred. This usually 
required about an hour. The solution was then centrifuged as 
after the heat treatment and the precipitate discarded. More 
solid ammonium sulfate was added with stirring to 55% satura- 
tion. The mixture was allowed to stand at 0° to permit floccula- 
tion and then centrifuged as described above. The clear red 
supernatant fluid was discarded, and the greenish tan precipi- 
tate was redissolved to a volume of about 100 ml with 0.1 m 
phosphate buffer, pH 7.2. 

Second Heat Treatment—The solution was heated at 75° in a 
water bath with constant shaking for 5 minutes. It was then 
allowed to remain at this temperature for another 10 minutes 
with occasional shaking. A considerable amount of denatured 
greenish protein is formed. The heated solution was chilled in 
ice and centrifuged in 50-ml Lusteroid tubes at 6000 x g for 10 
minutes at 0°. The precipitates were extracted once with small 
amounts of the phosphate buffer and centrifuged again. The 
combined yellow supernatant liquids were dialyzed overnight 
against 10 liters of 0.02 m phosphate buffer, pH 7.2. 

Second Ammonium Sulfate Fractionation and Third Heat 
Treatment—The volume of the dialyzed protein solution was 
made up to 200 ml with the 0.02 m phosphate buffer, pH 7.2, 
and the pH was adjusted to 7.2 with concentrated ammonium 
hydroxide. Solid ammonium sulfate was added with mechanical 
stirring to 40% saturation, and the pH was again adjusted to 7.2 
with concentrated ammonium hydroxide. After the liquid was 
allowed to stand 1 hour at 0°, it was centrifuged, and the pre- 
cipitate was discarded. The supernatant liquid was made up 
to 50% saturation with solid ammonium sulfate. After stand- 
ing 1 hour, this was centrifuged, and the supernatant liquid was 
discarded. The tan precipitate was redissolved with 0.1 m 
phosphate buffer, pH 7.2, in a volume of 50 ml. 

This fraction was then subjected to the same heating proce- 
dure as described in the second heat treatment. The superna- 
tant liquid from the heating was made up to 60% saturation 
with solid ammonium sulfate, care being taken to adjust the pH 
to7.2. The precipitate was dialyzed overnight against 0.04 m 
phosphate buffer, pH 7.2, at 0°. 

Acetone Fractionation—The dialyzed solution was adjusted to 
a protein concentration of 10 mg per ml with 0.04 m phosphate 
buffer. The temperature was then lowered to about 0° in an 
ice-salt bath, stirred with a magnetic stirrer. Acetone chilled to 
below —20° was then slowly added with continuous stirring so 
that the temperature did not rise above 1° at any time. After 
all the acetone was added, stirring was continued for 10 minutes. 
The mixture was then centrifuged at —15° for 5 minutes at 
6000 x g. The precipitate was redissolved and dialyzed against 
0.04 m phosphate buffer at 0°. 

The concentration of acetone required to precipitate the 
threonine dehydrase varied from preparation to preparation, 
although precipitation generally occurred at 41 to 55%, by vol- 
ume, of acetone. For this reason, it was desirable to perform a 
pilot fractionation with a small amount of enzyme. This could 
be done in less than 5 hours, because acetone is removed quickly 
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by dialysis, and the enzyme is stable in the presence of traces of 
acetone. 

Purification achieved by acetone precipitation varied from 2- 
to 5-fold. It was more effective with preparations of lower 
specific activity, as might be expected. 

DEAE-cellulose Chromatography—The DEAE-cellulose was 
prepared for the column by being stirred in 1 m NaOH for one- 
half hour. It was then washed by decantation with distilled 
water until the pH was about 7.0. A suspension of the material 
was poured into a 2-cm glass column and packed and washed by 
gravity with 0.005 m phosphate buffer, pH 7.2, to give a bed 28 
em high. 

The solution from the acetone treatment was precipitated at 
60% saturation of ammonium sulfate, and the precipitate was 
isolated by centrifugation. The protein precipitate (approxi- 
mately 400 mg) was dialyzed against three 2-liter changes of 
0.005 m phosphate buffer, pH 7.2, for 24 hours in the cold. The 
precipitate that formed during dialysis was removed by centrifu- 
gation. The amber enzyme solution was pipetted carefully onto 
the adsorbent bed and washed into the adsorbent with the 0.005 
M phosphate buffer, pH 7.2. The eluate was collected in a 
Technicon fraction collector, with a drop counter. With use of 
the 0.005 m phosphate buffer, pH 7.2, for elution, 10 fractions of 
10 ml each were collected at a flow rate of 2 ml per minute. 
The rest of the fractionation was by gradient elution. This was 
effected by the flow of 0.1 m phosphate buffer, pH 7.2, into a 
mixing vessel containing 200 ml of the 0.005 m phosphate buffer. 
Stirring in the mixing chamber was produced by a magnetic 
stirrer. The flow rate was maintained at about 1.8 ml per min- 
ute during elution. The gradient was not linear. 

The character of the protein separation obtained in the chro- 
matogram is shown in Fig. 1. In less pure preparations, the 
protein shoulder adjacent to the enzyme-containing peak was 
even more pronounced. The threonine dehydrase activity was 
associated with a sharp peak as shown in Fig. 1. A purification 
of 2- to 6-fold was achieved by this procedure. About 20% of 
the added enzyme units could usually be recovered in the best 
fractions. The purification obtained by the process described 
here is given in Table I. 

The main difficulty encountered in the chromatography was 
the great dilution of the active protein fractions and instability 
of the enzyme induced thereby. The enzyme activity of frac- 
tions with less than 1 mg per ml of protein could be preserved for 
2 to 3 days by keeping them at near freezing, but they lost ac- 
tivity on freezing or precipitation with ammonium sulfate. 
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Fig. 1. DEAE-cellulose chromatography of threonine dehy- 
drase. 
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TABLE I 


Summary of purification of threonine dehydrase from 600 g of sheep liver 














| 
Fraction | Volume | Protein Serine units* | bem ps Tene ae bgp at 
| ml | mg 

NS 30.8 2. Leis hon sdedideaeed | 1,800 | 147,600 8,570 78,120 9.0 0.53 
Pe ee a ee 1,580 14,060 8,850 90,690 10.2 6.5 
First (NB) 0g Traction... ... 2... ccccccsecccces 55 4,690 7,600 79,890 10.5 17.0 
ee ee re 75 1,875 9,185 98,440 10.7 52.5 
Second (NH,)2SO, fraction ....................... 
Third heat treatment......................0e ee eee 30 450 7,455 68,250 | 9.1 152 
Acetone fraction..............2.-.-...ececeeeeeeee | 5.1 145 4,610 42,840 | 9.3 295 
DEAE-cellulose chromatography 

I ote aaron sal Grane ove tomc Ose: obra enminernacies 7.5 14 880 8,715 9.9 622 

IE ie Nn sans Foceitars acshio oem monies 7.5 3.2 220 2,155 | 9.8 675 

ES 2c shines ve See ee bale cae hoe mee oust 7.5 | 1.22 | 90 890 | 9.9 729 

IIE, Safed are Neate donde See | 7.5 0.98 81 760 | 9.4 776 








* Units expressed as micromoles of pyruvate or a-ketobutyrate produced per hour. 
+ Specific activity expressed as micromoles of a-ketobutyrate produced per mg of protein per hour. All enzyme assays performed 

















at pH 7.2. . 
a 4 portional to the enzyme concentration over a 4-fold concentra- Ps 
5 10 minutes tion range. F Os 
£ Threonine The proportionality between the rate of serine deamination | 
Pa 2 and enzyme concentration is excellent at both incubation times ¢ 
oO. iei-wndenes even though the reaction ceases after about 6 minutes, The 
o 20L Vi amounts of keto acid formed were the same on incubation for 30 | 
£ minutes as for 10 minutes. The different lines shown result Ey 
=a from multiplying the 10-minute incubation figures by 6 and 
e 3 those for 30 minutes by 2 to convert the results to micromoles | 
® : of keto acid per hour. I 
7 Serine ee tan: Eges ¢ eli—The et. oh ho Gin then 
- ; iffect of p e effec pH on threonine dehydrase was | 
uc determined over a 5 unit pH range, with phosphate, Tris, po- | ¢; 
B°, tassium borate, and potassium bicarbonate-sodium carbonate = 
a $ buffers at 0.1 m. Each test was performed with 10.6 ug of ace- | 
° cag to tone-fractionated enzyme protein dissolved in 0.01 m phosphate) ~ 
2 ——e | buffer, pH 7.2. The pH-activity curve obtained is plotted in | 
50 100 150 Fig. 2. The optimal activity of threonine dehydrase is between | (y 
Enzyme Protein (grams per ml.) pH 8.2 and 8.6. This is also the pH region of optimal activity C) 


; ' ' found for the corresponding serine (cystathionine synthetase) | N. 
1 Fic. 2. Effect of enzyme concentration on keto acid formation. (¢) and homoserine dehydrases (cystathionase) (7). Glycine | 
ncubation contents: L-threonine or L-serine (50 um), 0.1 m potas- ge z a a 
sium phosphate buffer, pH 7.2, and enzyme (80 ug per ml for threo- uffer depressed the activity of the threonine dehydrase (Fig. . 
nine and 250 ug per ml for serine determination) ina total volume 3). 
of3 ml. Rest of procedure is the same as described under enzyme Effect of Substrate Concentration—From a double reciprocal | 1 
o_- plot of the increase in reaction velocity with increasing concer- | 
tration of L-threonine, the best straight line to fit the experi 
mental points was determined by the method of least squares. 
From this plot, the Michaelis constant was estimated to be  j 
8.0 x 10° M. th 
Inhibition by Sulfhydryl Reagents—Serine and homoserine de- | 
Effect of Enzyme Concentration’—The influence of enzyme con- _hydrases were found to be inhibited by sulfhydryl reagents (6, 7). 
centration on the rate of formation of keto acids at 10- and 30- [pn similar experiments on threonine dehydrase, only CMB and | ¢h 
minute incubation periods was determined with the results mercuric ions were found to be effective inhibitors. To obtain 
shown in Fig. 2. A straight line was obtained with L-threonine —, 50% inhibition required a CMB concentration of about 7.5 X | ph 
for the 10-minute incubation. The reaction rate tended to de- . 10-4 (Table II). Mercuric ions were about equally inhibitory. 


part from linearity at the higher protein concentrations in the N\-Ethylmaleimide caused only a 16% inhibition and iodoacetate | tig 


2s 


Enzyme fractions with a protein concentration greater than 1 
mg per ml were generally stable to freezing and thawing. 


RESULTS 


30-minute incubation time because of the considerable depletion only 10% each at 10-3 m. do 
of the substrate. However, the keto acid production was pro- Attempts to reverse the inhibition by CMB with the sulfhy- | pj 

2 The authors are indebted to Dr. Alle Nagabhushanam for per- ‘Ty! compounds, GSH, 2,3-dimercaptopropanol, and mercapt | on 
forming the comparisons in this experiment. ethanol were ineffective, even after removal of excess CMB by | m; 
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Fic. 3. pH-activity curve of threonine dehydrase. Incubation 
contents: 5.3 ug of protein, 3.3 X 10-? m KCl, 0.1 m phosphate, 
borate, Tris, carbonate-bicarbonate, or glycine buffers, and 0.0167 
au L-threonine in a total volume of 3 ml. Incubation was for 30 
minutes at 37°. Reaction stopped and protein precipitated with 
0.5 ml of 25% trichloroacetic acid; 1.0 ml aliquots used for a-keto- 
butyrate determination. The pH was assumed equal to the pH 
of the particular buffer used. The pH values of the buffers were 
verified by measurement with a Beckman model G pH meter. 


TaBLe IT 
Effect of CMB, N-ethylmaleimide, and iodoacetate on threonine 
dehydrase activity 
Incubation mixture included 10.6 ug of protein, 0.1 M potassium 
phosphate, pH 7.5, 0.017 m L-threonine, in a 3.0 ml volume. In- 
cubated for 30 minutes at 37°; deproteinized with 0.5 ml of 25% 
trichloroacetic acid; 1.0 ml of supernatant assayed for keto acid. 
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dialysis or treatment with pyridoxal-P, on the assumption that 
the enzyme-bound pyridoxal-P might have been dissociated. 

This result suggests that the inactivation by the mercury com- 
pounds might result from a disaggregation and denaturation of 
the enzyme, and not from a reaction with essential —SH groups. 
This type of reaction by CMB has been observed with phos- 
phorylase by Madsen and Cori (8). 

Effect of Carbonyl Reagents—These reagents produce inactiva- 
tion of the enzyme by reacting with the formyl group of pyri- 
doxal-P. Of such reagents tested, only hydroxylamine was 
highly potent (Table III). Semicarbazide caused inactivation 
only at a comparatively high concentration. Contrary to its 
marked effect on other pyridoxal-P-mediated enzymes, potas- 
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sium cyanide produced little inhibition at 10-* m. The strong 
inhibitory effect of hydroxylamine was used to advantage in 
resolving the pyridoxal-P from the apoenzyme. 

Substrate Specificity and Inhibition by Amino Acids—The 
purified enzyme preparations of u-threonine dehydrase also 
catalyze the deamination of L-serine and t-allothreonine. L- 
Cysteine, pt-homocysteine, and pi-homoserine are not deami- 
nated but exert a strong inhibitory effect on the enzyme. 

L-Threonine and pt-allothreonine are deaminated in a linear 
manner with time. However, the reaction of L-serine with the 
enzyme is unique in that the decomposition of the amino acid is 
essentially completed in the first 6 to 10 minutes when compara- 
tively large amounts of serine are incubated (Fig. 4). The reac- 
tion appears to be linear during the first 3 minutes, and the time 
for this phase of the reaction is lengthened as the L-serine con- 
centration is decreased. 


TaB_e III 
Semicarbazide and hydroxylamine inhibition of threonine dehydrase 
The inhibitor was incubated in a volume of 2.0 ml for 15 min- 
utes at 37° without substrate and, after addition of substrate, 
incubated in a volume of 3.0 ml under standard assay conditions. 
In the semicarbazide experiment, the amount ef threonine 
deaminated was measured by the ammonia produced. 
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Fig. 4. Effect of concentration on the rate of deamination of 
L-serine. Incubation contents: 1.5 mg of enzyme protein (L-allo- 
threonine test preparation) 0.1 m potassium phosphate buffer, pH 
7.2, various concentrations of L-serine, in a final volume of 1.5 ml. 
The enzyme and the remainder of the incubation mixture were 
separately raised to 37° by heating for 3 minutes. The enzyme 
was then added, and the incubation was continued at 37°. At 
the times indicated, 0.25 ml of 25% trichloroacetic acid was added. 
After removal of coagulated protein by centrifugation, 0.35 ml of 
each supernatant fluid was assayed for keto acid. Curve 1, 0.0167 
M L-serine; Curve 2, 0.0067 m L-serine; Curve 3, 0.0017 m t-serine; 
Curve 4, 0.0008 m L-serine. 
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The results of certain experiments have indicated that L-threo- 
nine and L-serine are deaminated by the same enzyme. Thus, 
the ratio of enzyme activity on threonine and serine remains 
constant during purification (Table I). The data of Fig. 2 
shows that this comparison is valid even though the reaction 
with serine ceases in 6 to 10 minutes. When L-serine and L- 
threonine were incubated together with the enzyme, results very 
similar to those obtained with serine alone were observed (Fig. 
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Fie. 5. Effect of .L-serine on threonine dehydrase activity. 
Incubation contents: 1.5 mg of enzyme protein (L-allothreonine 
test preparation), 0.1 M potassium phosphate buffer, pH 7.2, and 
either 0.0167 m L-threonine or L-serine, in a final volume of 1.5 ml. 
The rest of the procedure is the same as described in Fig. 4. The 
results are based on the amount of keto acid per 0.1 ml of superna- 
tant fluid. Curve 1, t-threonine; Curve 2, L-threonine and L-ser- 
ine; Curve 3, L-serine. 
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Fic. 6. The effect of pL-homoserine concentration on threonine 


dehydrase activity. Incubation contents: 1.5 mg of enzyme pro- 
tein (L-allothreonine test preparation), 0.1 m potassium phosphate 
buffer, pH 7.2, 0.0167 m L-threonine, and varying concentrations 
of pL-homoserine, in a final volume of 1.5 ml. The rest of the 
procedure is the same as in Fig. 4. The results are based on the 
amount of keto acid per 0.1 ml of supernatant fluid. Curve 1, no 
homoserine; Curves 2, 3, 4, 5, 6, 0.0017 m, 0.0067 m, 0.0134 m, and 
0.0334 m pL-homoserine, respectively. 


Threonine Dehydrase 


Vol. 236, No. 19 


5). Although it was not possible to distinguish between the 


keto acids formed, the reaction was virtually complete at 19 | 


minutes. Even with excess pyridoxal-P, there was little addi. 
tional formation of keto acid. This result indicates that L-serine 
must inactivate the enzyme by reacting irreversibly with the 
coenzyme. Added pyridoxal-P does not reactivate the enzyme, 
probably because the coenzyme bonding sites remain occupied, 
p-Serine produced virtually no inhibition. 
ment, 2 uwmoles of sodium pyruvate were incubated with threo. 
nine dehydrase before the addition of L-threonine. No inhibi. 
tion occurred, ruling out inhibition by the reaction product, 
This property of serine was utilized to dissociate the coenzyme 
from the apoenzyme (see below). 

Additional evidence that the same enzyme catalyzes the de. 
amination of both L-threonine and L-serine has been obtained 
through two types of experiments. It will be noted in Table | 
that during the first and second heat denaturation steps the 
total units of threonine activity increased appreciably. When 
these enzyme fractions were assayed for serine activity, with a 
3-minute incubation, the total serine activity also increased pro- 
portionally. Furthermore, when the enzyme was resolved by 
either L-serine or hydroxylamine treatment (see below) incuba- 
tion with pyridoxal-P resulted in comparable restorations of 
both threonine and serine activities. 

The effect of varying concentrations of pL-homoserine on 
threonine deamination was determined (Fig. 6). 
from these data that homoserine does not inhibit the enzyme in 
the same manner as does serine. 
L-cysteine closely parallels that brought about by homoserine. 

Surprisingly, t-allothreonine is also a substrate for this en- 
zyme. The first experiments were performed with pt-allothreo- 
nine, the L compound being then unavailable. On incubation of 
50 uwmoles of pt-allothreonine at 37° with excess enzyme, at 
least 25 umoles of keto acid were formed. This result, obtained 
with pi-allothreonine samples from a number of sources, is be- 
yond the possibility of contamination by pt-threonine. 

Subsequently, L-allothreonine was obtained through the kind- 
ness of Dr. A. Meister and a test was run with an enzyme prepa- 
ration partially purified by precipitation between 40 to 50% 
saturation of ammonium sulfate, heat treatment at 75% for 5 


minutes, and dialysis of the supernatant fluid against 0.05 u | 


phosphate buffer. 
This material decomposed only half of a pt-allothreonine 
preparation but completely decomposed the t-allothreonine. 


That threonine aldolase was not involved in this reaction was | 


proved by showing the absence of glycine formation by paper 
chromatography. The measured rate of deamination of Dt-allo- 
threonine was 23% of that of t-threonine. 

Other amino acids that were tested and found to be unaffected 
by the enzyme were pD-threonine, D-serine, pL-homoserine, DL-hy- 
droxyaspartic acid, and pu-8-threo-phenylserine. 

In view of the dual enzymatic activities of homoserine dehy- 
drase and serine dehydrase, the effect of threonine dehydrase 
was tested on a variety of sulfur amino acids. No activity was 
observed with any of them. 

Because serine is also a substrate for the enzyme, an experi- 
ment was performed to determine if the enzyme could catalyze 
the condensation of homocysteine to form cystathionine. The 
result was negative. Both L-cysteine and pi-homocysteine 
caused inhibition of serine and threonine deamination, but 10 
condensation of these amino acids occurred. 


In another experi. | 


It is apparent | 


The manner of inhibition by | 





Se 
oOo 


= 
al 


XUM 


No. 10 


een the 
e at 10 : 
le addi- 
L-serine 
vith the | 
enzyme, I 
ecupied, | 
-experi- | 
h threo- 
» inhibi- 
product, 
enzyme 





_ the de- 
obtained 
Table I 
teps the 
When 
", with a 
used pro- 
olved by ) 
) incuba- 
ations of | 


erine on 
apparent | 
nzyme in 
bition by — 
oserine. 


' this en- | 


allothreo- 
ibation of 
zyme, at 


obtained | 


es, is be- 


the kind- 
me prepa- 
) to 50% 
5% for 5 
st 0.05 


threonine 


threonine. 
ction was | 


by paper 


of DL-allo- 


unaffected 
ine, DL-hy- 


rine dehy- 
dehydrase 
stivity was 


an experi- 
ld catalyze 
nine. 
mocysteine 
on, but no 


The | 


October 1961 


Resolution and Recombination of Enzyme—It is difficult to 
demonstrate a pyridoxal-P requirement for the sheep liver threo- 
nine dehydrase. Prolonged dialysis does not produce dissocia- 
tion of the pyridoxal-P. This doubtless stems from the firm 
binding of the coenzyme by the apoenzyme. 

Some increase in enzyme activity has been observed by the 
addition of pyridoxal-P and AMP after dialysis against Tris 
buffer (1). Dialysis against Tris buffer was used successfully in 
dissociating the coenzyme from serine dehydrase. This proce- 
dure with threonine dehydrase resulted in only a 40% decrease 
in activity after 5 days dialysis against 0.2 m Tris buffer at pH 
7.8. Subsequent incubation with pyridoxal-P restored virtually 
all of the activity. AMP and GSH were without any activating 
effect. 

Hydroxylamine was very effective in dissociating the coen- 
zyme. Complete loss of activity occurred after overnight dialy- 
sis of the enzyme against 0.02 m hydroxylamine hydrochloride, 
neutralized and buffered to pH 7.2 with 0.1 m potassium phos- 
phate, and subsequent dialysis against phosphate buffer to re- 
move the hydroxylamine. Of the initial enzyme activity, 75% 
could be restored by incubating the inactivated enzyme with 
pyridoxal-P. 

The great affinity of serine for the enzyme suggested that it 
might be utilized in dissociating the coenzyme. An experiment 
was performed in which 2 ml of enzyme solution were mixed 
with 0.5 ml of 0.25 m L-serine and allowed to stand in the re- 
frigerator for 48 hours. The serine was then dialyzed away. 
This caused a loss of approximately 90% of the enzyme activity 
against both threonine and serine. On incubation of the inacti- 
vated enzyme with pyridoxal-P, enzyme activity was restored 
up to 95% of the original. Restoration of enzyme activity as a 
function of pyridoxal-P is shown in Fig. 7. Deoxypyridoxine- 
5/-P inhibited reactivation of the dissociated enzyme by pyri- 
doxal-P (Table IV), but had no effect on the intact enzyme. 
In equimolar quantity with pyridoxal-P, restoration of enzyme 
activity was decreased 50 to 60% by deoxypyridoxine-5’-P. 

An incubation time of about 1 hour at 37° was required to 
restore full activity with pyridoxal-P. Prior incubation of the 
resolved enzyme with pyruvate or 0.1 m t-threonine failed to 
reactivate the enzyme. 

In later experiments, the enzyme was allowed to stand for 48 
hours with t-threonine, D-serine, L-isoleucine, L-cysteine, and 
pi-homoserine. After. dialysis, it was found that in no case 
was any appreciable activity lost. It was also observed that 
L-serine could effect resolution in 12 hours at 2°. 

Effect of Metal Ions—A divalent metal ion requirement for 
the activity of threonine dehydrase seems extremely doubtful. 
Tests with a large series of such ions at a concentration of 10‘ 
M were completely negative. Only Hg*++ had an effect and, as 
already mentioned, this inhibited enzyme activity. Additional 
evidence against a divalent metal ion requirement was the nega- 
tive results obtained with a variety of sequestering agents. In- 
deed, all of these proved to be slightly activating instead of 
inhibiting, probably because of the binding of inhibitory heavy 
metal ions. The chelating agents tested were a,a’-dipyridyl, 
EDTA, 2-hydroxyquinoline, 8-hydroxyquinoline, and o-phenan- 
throline. 

Certain monovalent cations have been shown to enhance the 
activity of various enzymes, including some requiring pyridoxal-P 
(9-11). Observations in this laboratory suggested that potas- 
sium ion had a beneficial effect on the activities of serine dehy- 
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Fic. 7. Effect of concentration of pyridoxal-P on the reconsti- 
tution of resolved threonine dehydrase. Preincubation was for 
1 hour at 37°, carried out with 130 ug of enzyme protein and the 
designated amounts of pyridoxal-P in a 0.2 ml volume buffered at 
pH 7.5 with 0.05 m phosphate buffer. Reconstitution determined 
by adjusting chilled in ice aliquots of incubation mixture to 0.1 
M, pH 7.5, phosphate buffer, adding 0.0167 m u-threonine and 
assaying for activity as described in ‘‘Experimental Procedure.”’ 


TaBLe IV 
Effect of deoxypyridoxine-5' -P on reconstitution of threonine 
dehydrase 
The incubation mixture included (besides the material added 
during prior incubations) 0.1 M potassium phosphate, pH 7.5, and 
0.017 m L-threonine, in a volume of 3.0ml. Incubated 30 minutes 
at 37°; deproteinized with 0.5 ml of 25% trichloroacetic acid; 0.5 
ml of supernatant assayed for keto acid. Prior incubations 
included 100 ug of resolved threonine dehydrase. 














Additions Enzyme 
activity 
First incubation* | Second incubationt O.D. 515 mys 
| | ms 
None Pyridoxal-P 25 0.44 
Deoxypyridoxine phos-| Pyridoxal-P 25 0.19 
phate, 25 ug | ee 25 
Deoxypyridoxine-P 25 0.21 





* First incubation: 0.2 ml volume, 30 minutes at 37°. 
+ Second incubation: 0.3 ml volume, 60 minutes at 37°. 


drase of rat liver and the threonine dehydrase of sheep liver. 
To study this more systematically, experiments were performed 
with the alkali elements and ammonia on the above enzyme and 
on crystalline homoserine dehydrase. 

The experiments were carried out by dialyzing each enzyme 
preparation against 0.1 m sodium phosphate buffer, pH 7.5, and 
by use of the activity with sodium ion as a basis of comparison. 
Each cation to be tested was then added to the incubation media 
as the chloride at a concentration of 3.3 xX 10-*m. The results 
are recorded in Table V. The table shows that homoserine de- 
hydrase was not affected appreciably by any of the cations. The 
enzyme activities of serine and threonine dehydrase, however, 
were markedly influenced by certain of the monovalent cations. 
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TABLE V 
Effect of monovalent cations on hydroxyamino acid dehydrases 

Dialysis—For Experiment 1, 2.5 ml of rat liver homogenate were 
dialyzed against 250 ml of 0.1 M sodium phosphate buffer, pH 7.5, 
at 0° for 2 hours. For Experiments 2 and 3, once crystallized rat 
liver homoserine dehydrase (7) and partially purified sheep liver 
threonine dehydrase were used. Each enzyme preparation was 
dialyzed thoroughly against 0.1 m sodium phosphate, pH 7.5, 
overnight at 0°. 

Experiment 1—Reaction mixture included: protein, 6 mg; 0.1 M 
sodium phosphate, pH 7.5; 0.001 m EDTA; 3.3 X 10-5 M pyri- 
doxal-P, 0.017 m L-serine; 3.3 X 10-* M cation, added as the chlo- 
ride; in a volume of 3.0 ml. Incubated at 37° for 30 minutes; 
deproteinized with 0.5 ml of 25% trichloroacetic acid and cen- 
trifuged; 0.5 ml of supernatant assayed for keto acid. 

Experiment 2—Reaction mixture included: protein, 53 yg; 0.1 
M sodium phosphate, pH 7.5; 4.6 X 10-4 m pyridoxal-P; 0.001 m 
EDTA; 4.6 X 10-4 m mercaptoethanol; 0.015 m pxL-homoserine; 
0.09 m cation, in a volume of 1.0 ml. Incubated at 37° for 30 
minutes; reaction stopped with 2.0 ml of 10% trichloroacetic acid; 
0.25 ml of supernatant assayed for keto acid. 

Experiment 3—Reaction mixture included: protein, 200 ug; 
0.1 m sodium phosphate, pH 7.5; 0.017 m L-threonine; 3.3 X 10-*m 
cation; in a volume of 3.0 ml. Incubated at 37° for 30 minutes; 
reaction stopped with 0.5 ml of 25% trichloroacetic acid; 0.25 ml 
of supernatant assayed for keto acid. 





Experiment and enzyme O.D. 


Monovalent | 





cation 515 my 
1. Serine dehydrase................. Nat |} 0.22 
Ne 0.49 
Lit | 0.35 
ie Sy 0.61 
| Rb* | 0.46 
| zs 
2. Homoserine dehydrase............| Nat | 0.47 
NH, | 0.49 
Lit | 0.51 
K+ | 0.52 
Rbt 0.53 
| 
3. Threonine dehydrase............... Nat | 0.46 
NH,* | 0.57 
Lit 0.52 
Kt | 0.65 
Rb+ | 0.54 





The order of effect of the several cations was found to be K+ > 
NH,* > Rbt+ > Lit > Nat. Serine dehydrase activity was 
more strongly influenced than was threonine dehydrase. 

The effect of increasing concentration of monovalent cations 
on the reactivity of a number of enzymes has been shown to 
follow Michaelis kinetics (10, 11). Enzyme activity-concentra- 
tion curves were run for K+ and NH,* on serine dehydrase, 
because of the greater monovalent cation effect on this enzyme. 
From the double reciprocal plots, K,, values were estimated to 
be 4 X 10-4 and 10-* m for K+ and NH4", respectively. 


DISCUSSION 


Threonine dehydrase was unequivocally shown to be pyri- 
doxal-P-dependent by dissociating the coenzyme by taking 
advantage of the combining characteristics of hydroxylamine 
and of serine with the coenzyme and removing this by dialysis 
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against the above compounds. The active enzyme can then be 
reconstituted by reincubating the apoenzyme with pyridoxal-P. 
This reactivation is a time-dependent reaction, requiring 1 hour 
at 37° to go to completion. 

Threonine dehydrase, unlike the serine and homoserine en. 
zyme, was restricted in its catalytic activity to hydroxyamino 
acids, namely, threonine, serine, and allothreonine. The ability 
to decompose t-allothreonine is rather surprising in view of the 
otherwise strict stereospecificity of this enzyme. Thus, pD-threo- 
nine and pD-serine are inert as substrates. No explanation can 
be given at this time for the ability of the enzyme to dehydrate 
t-allothreonine. 

The reaction of the enzyme with serine has interesting aspects, 
The early decomposition of serine to pyruvic acid can be ex. 
plained in terms of the mechanism of pyridoxal-P action reviewed 
by Snell (12). Dehydration leads to the formation of enzyme. 
bound aminoacrylic acid, which spontaneously hydrolyzes to 
pyruvic acid on dissociation. The cause of the later inactiva- 
tion of the enzyme is unclear. A tempting speculation is that 
it might result from the formation of an oxazolidine ring conju- 
gate by reaction of the formyl group of pyridoxal-P with the 
amino and the hydroxy] group of serine. The analogous thia- 
zolidine ring, formed by reaction of cysteine with aldehydes is 
well known (13, 14). However, chemically no such conjugate 
was observed to form between pyridoxal and the potassium salt 
of pL-serine in methanol (see Hey] et al. (15)). 

Threonine dehydrase is an unusually stable enzyme. In the 
course of purification, it withstood the rigorous treatment with 
acetone and heating to 75°. 

The great variability observed in the enzyme content of the 
livers of individual animals is puzzling. Threonine dehydrase 
has been shown to be an inducible enzyme in the rat and the 
mouse (16), which may be a factor in the variability. 
possible factor that comes to mind is the inactivation of the en- 
zyme by serine. 

The progressive decrease in enzyme activity by the different 
alkali element cations from potassium to sodium is probably in 
some way related to the corresponding magnitudes of the hy- 
drated ionic radii of these ions (9). No satisfying theory has 
yet been propounded in explanation. 
hibiting a similar monovalent cation relationship to activity is 
growing. Consequently, this is a general phenomenon and not 


Another | 


The list of enzymes ex- | 


restricted to the hydroxyamino acid dehydrases, or to pyridoxal- 


P-mediated enzymes alone. 


SUMMARY 


1. Threonine deaminase has been isolated in highly purified 
form from sheep liver by the use of controlled heat denaturation, 
ammonium sulfate fractionation, acetone precipitation, and di- 
ethylaminoethy] cellulose chromatography. A specific activity 
of up to 776 wmoles of a-ketobutyric acid formed per mg of 
protein per hour has been attained. 

2. The purified enzyme deaminates L-threonine, L-allothreo- 
nine, and L-serine. 1-Serine greatly inhibits the deamination of 
L-threonine. 

3. Pyridoxal phosphate has been shown to be the coenzyme of 
threonine deaminase. Both hydroxylamine and L-serine are 
capable of resolving the enzyme. Reactivation of the resolved 
enzyme can be achieved by incubation with pyridoxal phosphate. 
Reactivation is partially inhibited by 4-deoxypyridoxine phos- 
phate, an analogue of pyridoxal phosphate. 
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4, Both serine dehydrase of rat liver and threonine dehydrase 
are most active in the presence of potassium ion. The order of 
activation by monovalent cations seems to be: Kt > NH, > 


Rb+ > Lit > Nat. 


ne en- 
‘amino | 


ability 1 


of the 
-threo- 


On can 3 


ydrate 


spects, 5 


be ex. 
viewed 


nzyme- 6 


yzes to 
activa- 
is that 
- conju- 
ith the , 
1s thia- 
Lydes is 
njugate 
um salt | 


In the 
nt with | 


t of the 
hydrase | 
and the 
Another | 
f the en- 


different 
bably in 
the hy- 
eory has 
ymes ex- | 
tivity is 
and not 
yridoxal- 


r purified | 
‘turation, 
, and di- 
> activity 
er mg of 


allothreo- 
ination of 
} 
enzyme of 
serine are 
e resolved 
yhosphate. 
xine phos- 


XUM 


REFERENCES 


_ SayRE, F. W., anp GREENBERG, D. M., J. Biol. Chem., 220, 
787 (1956). 

_ FRIEDEMANN, T. E., aND HauGeEn, G. E., J. Biol. Chem., 147, 
415 (1943). 

. Conway, E. J., Microdiffusion analysis and volumetric error, 
Ed. 2, Crosby Lockwood and Son, London, 1947, p. 92. 

. Karasek, M. A., AND GREENBERG, D. M., J. Biol. Chem., 227, 
191 (1957). 

. Layne, E., in S. P. CoLowick anp N. O. Kapuan (Editors), 
Methods in enzymology, Vol. III, Academic Press, Inc., New 
York, 1957, p. 447. 

. Scum, A. S. M., aND GREENBERG, D. M., J. Biol. Chem., 
234, 1474 (1959). 


J.S. Nishimura and D. M. Greenberg 


10. 
if. 
12. 


13. 
14. 


15. 
16. 


2691 


. Matsuo, Y., AND GREENBERG, D. M., J. Biol. Chem., 230- 


545 (1958) ; 234, 507 (1959). 


. Mapsen, N. B., anp Cort, C. F., J. Biol. Chem., 228, 1055 


(1956). 

. Happoup, F. C., anp BEEcueEy, R. B., in E. M. Croox (Edi- 
tor), Biochemical society symposia No. 15, Cambridge Uni- 
versity Press, London, 1958, p. 92. 

Kacumar, J. F., anp Boyer, P. D., J. Biol. Chem., 200, 669 
(1953). 

Tasor, H., AND WyNGARDEN, L., J. Biol. Chem., 234, 1830 
(1959). ; 

SNELL, E. E., Vitamins and hormones, Vol. XVI. Academic 
Press, Inc., New York, 1958, p. 81. 

Scnusert, M. P., J. Biol. Chem., 114, 341 (1936). 

RaTNER, S., AND Cuark, H. T., J. Am. Chem. Soc., 59, 200 
(1937). 

Hey, D., Harris, S. A., AND Fouxers, K., J. Am. Chem. 
Soc., 70, 3429 (1948). 


Sayre, F. W., Jensen, D., anp GREENBERG, D. M., J. Biol. 
Chem., 219, 111 (1956). 








Tue JouRNAL oF BroLoaicaL CHEMISTRY 
Vol. 236, No. 10, October 1961 
Printed in U.S.A 


The Metabolism of Aromatic Compounds in Higher Plants | 


IV. PURIFICATION AND PROPERTIES OF THE PHENYLALANINE 
DEAMINASE OF HORDEUM VULGARE* 


JANE Kovuxo.ft anp Eric E. Conn 


From the Department of Biochemistry and Biophysics, University of California, Davis, California 


(Received for publication, March 22, 1961) 


The biosynthesis of certain benzenoid compounds found in 
plants, such as the hydroxycinnamic acids, lignin, flavonoids, and 
coumarins, has recently been actively investigated. In his re- 
view (1) on the biosynthesis of these secondary plant products, 
Neish points out that the results of tracer experiments show the 
hydroxycinnamic acids to be important precursors in the forma- 
tion of lignin and other secondary plant products. More spe- 
cifically, in their studies on lignification in intact plants, Neish 
et al. (2-6) have demonstrated that both L-phenylalanine and 
cinnamic acid are good precursors of lignin or of phenylpropanoid 
units that can be incorporated into lignin in monocotyledons and 
dicotyledons. In addition, they have found that monocotyle- 
dons but not dicotyledons can readily convert L-tyrosine to 
lignin (2, 3, 5). 

From the results of experiments in which radioactive L-pheny]- 
alanine and cinnamic acid were tested as precursors of lignin 
(2, 3), Brown et al. (6) postulated that L-phenylalanine under- 
went conversion of cinnamic acid through a sequence of reactions 
involving transamination, reduction, and dehydration. From 
other experiments with monocotyledons (2, 3), it appeared that 
L-tyrosine was converted to p-coumaric acid (p-hydroxycinnamic 
acid) by analogous reactions (6). However, Neish recognized 
that the results of the above experiments did not rule out the 
formation of cinnamic acid and p-coumaric acid by the direct 
deamination of the corresponding amino acids (1). 

In a recent publication on the biosynthesis of chlorogenic acid, 
Levy and Zucker (7) presented additional evidence for the con- 
version of L-phenylalanine to cinnamic acid in disks of potato 
tuber. 

The present report describes the isolation, partial purification, 
and characterization of phenylalanine deaminase, an enzyme 
from barley (Hordeum vulgare L. var. Aravat) that converts L- 
phenylalanine to cinnamic acid and ammonia (Reaction 1). 


 \-cmcnests)co0- - 
—— 
{ )-t=c—co0- + NH,* 
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* In a preliminary report of this work presented at the meeting 
of the American Society of Biological Chemists in Atlantic City 
in April 1961, the enzyme was tentatively referred to as phenyl- 
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(RG-5301) from the National Institutes of Health, United States 
Public Health Service. 
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Recently, Neish (8) has isolated an enzyme from barley, which 
converts L-tyrosine to p-coumaric acid and ammonia. 


EXPERIMENTAL PROCEDURE 


Sources of Plant Material—Samples of the Aravat variety of 
barley were obtained from a field at Davis, California. Shoots 
of the Mariout variety of barley, rice (Oryza sativa L. var, 
Caloro), and wheat (Triticum vulgare Vill. var. Ramona) were 
obtained as follows. Seeds that had been soaked overnight in 
distilled water were germinated on a perforated Nichrome sup- 
port covered with cheesecloth that had been in contact with the 
dilute mineral solution described by Jacobson et al. (9). The 
plents were illuminated for 12 hours a day by four 40-watt fluo- 
rescent lamps placed 17 inches above the Nichrome supports, 
and were harvested after 7 or 8 days of growth. Sweet clover 
(Melilotus alba Desr.) was grown in soil in a greenhouse. Peas 
(Pisum sativum L. var. Alaska) were germinated in vermiculite 
in a greenhouse. Lupine (Lupinus albus L.) was germinated in 
vermiculite in a dark cupboard at ambient temperatures. Alfalfa 
(Medicago sativa L. var. Caliverde) was grown in a greenhouse 
according to the procedures outlined by Rendig and McComb 
(10). The nutrient solution was that given by Rendig and 
McComb (Table I of (10)), and the sulfur (as H2SO,) and nitro. | 
gen (as Ca(NOs3)2) were present at concentrations of 8 and 2 | 
parts per million, respectively. In all cases, acetone powders 
were prepared of the plant material. 

Measurement of Formation of Cinnamic Acid by Phenylalanine ‘ 
Deaminase—The activity of phenylalanine deaminase was de- 
termined by measuring the cinnamic acid formed. In one pro- 
cedure, the cinnamic acid formed was measured spectrophote- 
metrically. The reaction mixture contained enzyme, 20 umoles 
of t-phenylalanine, and 100 wmoles of borate buffer, pH 8.8, ina 
final volume of 2.0 ml. Occasionally, the reaction mixture con- 
tained enzyme, 50 umoles of L-phenylalanine, and 200 pmoles 
of borate buffer, pH 8.8, in a final volume of 5.0 ml. The re 
action mixture was incubated without shaking for 1 hour in al 
unstoppered test tube at 40°. The reaction was stopped by 
addition of 0.1 ml of 5 m HCl, and the volume was adjusted to | 
5.1 ml, if necessary. With enzyme preparations of low specific 
activity, the acidified reaction mixture was heated in a boiling 
water bath for 10 minutes and the coagulated protein removed 
by centrifugation. The removal of protein was omitted when 
fractions obtained by DEAE-cellulose! chromatography were | 
being assayed. The acidified reaction mixture was extracted 


ee 





1 The abbreviation used is: DEAE-cellulose, diethylaminoethy! i 
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once with 5 ml of ether, an aliquot of the ether phase was re- 
moved, and the ether was evaporated under a stream of air. 
The residue that remained was dissolved in 0.05 m NaOH, and 
the absorbancy at 268 my was determined 

The second procedure was based on the conversion of radio- 
active L-phenylalanine to cinnamic acid. The reaction mixture 
contained enzyme, 25 wmoles of L-phenylalanine, 0.45 umole of 
pi-phenylalanine-3-C" (specific activity, 1.3 we per umole), and 
200 ymoles of borate buffer, pH 8.8, in a final volume of 5.0 ml. 
The reaction mixture was incubated without shaking for 1 hour 
in a covered test tube at 40°. The reaction was stopped by the 
addition of 0.5 ml of 50% trichloroacetic acid, immediately pre- 
ceded by the addition of 0.5 ml of a 0.1% solution of unlabeled 
trans-cinnamic acid in 0.05 m NaOH. After 10 minutes, the 
reaction mixture was centrifuged to remove protein, if necessary. 
The acidified mixture was then extracted once with 10 ml of 
toluene. After centrifugation at 500 x g for several minutes at 
room temperature, a 5 ml aliquot of the toluene phase was trans- 
ferred to a vial containing 5 ml of counting mixture in toluene 
and counted at —5° in a Packard Automatic Tri-Carb liquid 
scintillation spectrometer (Model 314-DC). A reaction mixture 
complete except for enzyme solution was taken through the 
entire assay procedure for each set of assays. The radioactivity 
of the blank was subtracted from the total radioactivity of each 
sample. Because the efficiency of counting and the specific 
activity of the L-phenylalanine were known, it was possible to 
calculate the quantity of cinnamic acid formed from the radio- 
activity in the toluene phase. The identification of cinnamic 
acid as the product of the reaction is described in ‘‘Results.”’ 

The unit of phenylalanine deaminase activity is defined as 
that quantity of enzyme which catalyzes the formation of 1 ug 
of cinnamic acid per hour under the usual assay conditions. 
Usually, 10 to 100 units of enzyme (specific activity, 352 to 970 
units per mg) were used in the assays. The assay of phenyl- 
alanine deaminase by the measurement of the radioactive cin- 
namic acid formed gives results that are identical to those ob- 
tained when the enzyme is assayed by spectrophotometric 
measurement of the cinnamic acid formed. 

Reagents—pu-Phenylalanine-3-C (specific activity, 1.3 wc per 
umole) was obtained from Tracerlab Inc. p.u-m-Tyrosine, 
prepared according to Sealock, Speeter, and Schweet (11), was 
the gift of Dr. A. C. Neish. DEAE-cellulose (Cellex-D) was 
obtained from Bio-Rad Laboratories. Radioactive trans-cin- 
namic acid (ring and B-carbon atom) (specific activity, 0.112 
ue per umole) was prepared according to Brown and Neish (2) 
and was the generous gift of Dr. T. Kosuge. 

cis-Cinnamic acid was prepared by irradiating trans-cinnamic 
acid with an ultraviolet lamp (254 my, maximal intensity) ac- 
cording to Comte et al. (12). cis-Cinnamic acid (Rp, 0.75) was 
separated from trans-cinnamic acid (Ry, 0.50) on Whatman 
No. 3MM paper in 2% acetic acid (12). The area of the chro- 
matogram containing the cis isomer was cut out, and the sub- 
stance was eluted with 2% acetic acid. cis-Cinnamic acid was 
extracted into ether and was recovered as an oil after evapora- 
tion of the ether. Recovery of the cis-cinnamic acid after ether 
extraction from 2% acetic acid was possible only when peroxide- 
free ether was used. The concentration of the chromatograph- 
ically pure cis-cinnamic acid was determined spectrophoto- 
metrically (13). 

Analytical Methods—Protein was determined according to the 
spectrophotometric method of Kalckar (14). .-Phenylalanine 
was determined colorimetrically according to Yemm and Cocking 
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(15). Ammonia was determined colorimetrically after nessleriza- 
tion with the reagent of Bock and Benedict (16). 


Purification on Phenylalanine Deaminase 


Barley Acetone Powder—Barley plants, Aravat variety, in the 
pre-head stage were obtained from a field at Davis, California. 
The acetone powder was prepared from the stems of the plant 
only. The yield expressed as the percentage of the fresh weight 
was 10.5. The purification was performed on 40 g of acetone 
powder, which had an activity of 6300 units per g of powder. 

All procedures in the purification were performed at 0-4°. 
The pH of solutions being fractionated with (NH,)2SO, was 
intermittently checked and adjusted with 5 m NaOH, if neces- 
sary, so that the pH never went below 7. 

Step 1. Barley stem acetone powder, 40 g, was extracted for 
1 hour with 1 liter of 0.1 m borate buffer, pH 8.5. The crude 
preparation was strained through cheesecloth and the filtrate 
was centrifuged at 4100 x g to clarify it. The volume of the 
supernatant solution was 835 ml. 

Step 2. A neutralized solution (555 ml) of saturated (NH,)2- 
SO, was added to the supernatant solution of Step 1 to form a 
solution that was 40% saturated with respect to the salt. The 
precipitate was removed by centrifugation at 15,000 x g for 
15 minutes and discarded. Solid (NH,)2SO, (165 g) was added 
to the supernatant solution (1300 ml) to give a solution that was 
60% saturated with respect to the salt. The precipitate was 
removed by centrifugation at 15,000 x g for 15 minutes and 
dissolved in 30 ml of 0.02 m potassium phosphate buffer, pH 
6.8. This solution was dialyzed overnight with stirring against 
1 liter of the same buffer. 

Step 3. The pH of the dialyzed solution (38 ml) of Step 2 
was carefully adjusted to 6.0 with 1.0 m acetic acid. The pre- 
cipitate was removed by centrifugation at 15,000 x g for 15 
minutes and was discarded. The pH of the supernatant solu- 
tion was immediately adjusted to 7.0 with 1 m NaOH. 

Step 4. The supernatant solution (38 ml) of Step 3 was put 
on a DEAE-cellulose column of the following description. On 
the day before use, 20 g of DEAE-cellulose were washed by sus- 
pension in 0.1 m NaOH, followed by neutralization to pH 6.8 
with 1.0 m H;PO,. The DEAE-cellulose was collected on a 
Buchner funnel and washed repeatedly by filtration with 0.02 m 
potassium phosphate buffer, pH 6.8. The DEAE-cellulose was 
resuspended in more buffer and packed so that the dimensions 
of the column were 2.2 X 16cm. The column was placed in a 
room at 4° overnight. After addition of the enzyme, the column 
was washed with 5 ml of the buffer used to equilibrate the col- 
umn. The enzyme was eluted from the column by using a linear 
gradient between equal volumes (130 ml each) of 0.02 m potas- 
sium phosphate buffer, pH 6.8, and 0.05 m potassium phosphate 
buffer, pH 6.8, containing 0.4 m KCl. The column was eluted 
at the rate of 50 ml per hour, and fractions (4 ml) were collected 
automatically until the enzyme had been completely eluted. 

Comments on Purification—The results of the purification are 
summarized in Table I. The enzyme was assayed throughout 
Steps 1, 2, and 3 of this purification by use of radioactive pheny]- 
alanine. Earlier work with crude or partially purified extracts 
of sweet clover indicated that such preparations contained ether- 
extractable compounds that absorbed in the ultraviolet. There- 
fore, it was assumed that the determination of radioactive cin- 
namic acid formed from radioactive phenylalanine by the enzyme 
would be the most specific assay. However, it was clearly shown 
that the DEAE-cellulose fractions contained no endogenous, 
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ether-extractable compounds that absorbed in the ultraviolet. 
This information led to an assay of the enzyme based on the 
spectrophotometric determination of the cinnamic acid formed. 

In the purification shown in Table I, the recovery of the en- 
zyme from Step 2 is unusually low. At this stage of the purifi- 
cation, 50% of the activity originally present in the acetone 
powder was routinely recovered. However, the final purifica- 
tion achieved in the procedure shown in Table I was the highest 
obtained. Unless otherwise specified, all experiments in the 
present report were performed with enzyme at the DEAE-cellu- 
lose fraction step in the procedure. 


RESULTS 


Identification of Cinnamic Acid—trans-Cinnamic acid was 
identified as a product of the phenylalanine deaminase reaction 
by its absorption spectrum, chromatographic properties, and 
melting point. The ultraviolet absorption spectrum of the 
product of the phenylalanine deaminase reaction is compared 
with that of authentic trans-cinnamic acid in 0.05 m NaOH (Fig. 
1). Over the range shown, the spectra are identical. 


TABLE [ 
Summary of purification procedure 





























Description Units/ml Protein | Total units | Recovery 
ae mg/ml units/mg | | _ 
Acetone powder... | 250,000 | 
Step 1..........| 278 | 7.9 35 | 232,000 | 93 
Step 2..........| 1,840 | 15.1 | 122 | 70,000 | 28 
Step 3..........| 1,280} 6.2 | 206 | 48,700 | 19 
Step 4........... 578 | 0.6 | 970 | 48,700 | 19 
0.30 —_—— , 
0.25 i” _ 
0.20 a 
> 
Oo 
=z 
0.15 4 
oa 
ro) 
w” 
@ 
4 
0.10 a 
0.05- a 
0.0 = ! | 
220 240 260 280 300 


WAVELENGTH (ma 


Fic. 1. Absorption spectra of trans-cinnamic acid (@——®@) 
and the product of the phenylalanine deaminase reaction 
(O——O) in 0.05 m NaOH. Enzyme activity, 46 units, was in- 
cubated under the usual assay conditions. The ether-extractable 
reaction product was diluted 23-fold. The ay of trans-cinnamic 
acid in 0.05 m NaOH at 268 mz is 20,300. 
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The product of the reaction carried out under the usual aggay | 
conditions has an Rr identical to that of trans-cinnamic acid jy | 
three different solvents: Solvent A, n-propanol-concentratej | 
NH,OH (7:3, volume for volume); Solvent B, n-butanol-acetic | 
acid-water (4:1:1.8, volume for volume); Solvent C, 2% acetic 
acid. When the ether-extractable radioactive product forme) | 
from phenylalanine-3-C'* was cochromatographed with up. 
labeled trans-cinnamic acid in Solvents A and B, the radioactiye | 
spots corresponded exactly to the ultraviolet-absorbing spots, 

To obtain enough of the product of the reaction to determine 
its melting point, the following experiment was performed, 
Enzyme from Step 2 (5520 units) was incubated with 100 umole 
of t-phenylalanine at pH 8.8 at 40°. After 7 hours, the reaction 
mixture was heated in a boiling water bath for 10 minutes, cooled, 
and acidified to pH 1. The denatured protein was removed by | 
centrifugation, and the supernatant solution was extracted once 
with 10 ml of ether. The ether phase was, in turn, extracted 
once with 5 ml of 0.1 m sodium bicarbonate. The bicarbonate 
phase was then acidified to pH 1 and extracted once with 10 nl 
of ether. The ether was allowed to evaporate, and the residue 
remaining was recrystallized from hot water. The melting } 
point (corrected) of the compound was 133° which is identical 
with that of trans-cinnamic acid (17). 

The possibility that the cis isomer of cinnamic acid is formed | 
and is isomerized, either enzymatically or nonenzymatically, to | 
the trans isomer was eliminated by the following experiment. 
One milligram of chromatographically pure cis-cinnamic acid 
was incubated, both with and without phenylalanine deaminase, | 
at pH 8.8 at 40° for 2 hours. The reaction mixture, made 2% 
with respect to acetic acid to stop the reaction, was extracted 
twice with an equal volume of ether. 
the residue was taken up in ethanol, and an aliquot was chr- 
matographed in 2% acetic acid. No isomerization of cis-cin- 


4 


The ether was evaporated, | 


namic acid was observed either in the absence or presence of | 


enzyme in the reaction mixture. If 1% of the total cis-cinnamic 
acid had undergone isomerization, the appearance of the trans 
isomer could have been detected. Under the same conditions 


(both reaction and extraction), 246 ug of trans-cinnamic acid 


were formed by the enzyme from t-phenylalanine. 


Stoichiometry of Reaction—The stoichiometry of the phenyl- 
Are | 


alanine deaminase reaction was determined as follows. 


| 


action mixture containing 122 units of enzyme, 1 umole of i | 


phenylalanine, and 100 umoles of borate buffer, pH 8.8, ina 
final volume of 2.0 ml, was incubated for 4 hours at 40° ina 
stoppered test tube. Sufficient replicates of the reaction mixture 
were used to provide zero time blanks and duplicates for all 
determinations. The reaction was stopped by adding 0.1 ml of 
5 m HCl, and the cinnamic acid formed was determined spectro- 
photometrically. The replicates that were to be used for the 
determination of L-phenylalanine were first treated with 200 mg 
of Permutit at neutral pH to remove the ammonia formed in the 
enzyme reaction. The replicate reaction mixtures which were 
to be used for ammonia determination were directly nesslerized. 
Also, the ammonia was aerated or steam-distilled out of the re 
action mixture (made strongly alkaline) into a boric acid solu- 
tion. Nesslerization of the boric acid solution gave the same 
results for ammonia formation as direct nesslerization of the 
reaction mixture. Typical results from such an experiment are 
the conversion of 0.70 umole of L-phenylalanine to 0.69 wmole of 
cinnamic acid and 0.66 umole of ammonia. 


} 


Reversibility of Reaction—Preliminary attempts to demonstrate 
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the formation of L-phenylalanine-C™ from trans-cinnamic acid- 
c™ (ring and 8-carbon atom) and ammonia were not successful. 
The experiments were performed at both pH 6.9 and pH 8.8. 


Properties of Enzyme 


1. Effect of pH—The optimal pH of phenylalanine deaminase 
was found to be 8.8 to 9.2 (Fig. 2). The enzyme is active over 
the pH range 8 to 10.6. 

2. Effect of Enzyme Concentration and Duration of Reaction— 
In preliminary experiments, phenylalanine deaminase was found 
to be inhibited by cinnamic acid, one of the products of the re- 
action. Therefore, assay conditions were chosen so that the 
cinnamic acid formed never reached inhibitory concentrations. 
Fig. 3 shows that the rate of formation of cinnamic acid catalyzed 
by the enzyme is proportional to the amount of enzyme added 
in the range of 6 to 85 units of enzyme. Similarly, Fig. 4 shows 
that the formation of cinnamic acid catalyzed by 60 units of 
enzyme is linear for 2 hours, a period of time twice as long as the 
usual assay. 

3. Effect of Substrate Concentration—The data were plotted 
according to Lineweaver and Burk (1/V versus 1/s) (18), and 
the Michaelis-Menten constant, K,,, was calculated from the 
intercept (1/V) and the slope of the line. The K,, for t-phenyl- 
alanine and phenylalanine deaminase was found to be 1.7 + 
0.3 X 10% M. 

4, Substrate Specificity—The enzyme was specific for L-pheny]- 
alanine. Cinnamic acid was not formed when phenylalanine 
deaminase was incubated with p-phenylalanine. To test the 
ability of the enzyme to act on other amino acids, ammonia 
production was measured when 74 units of phenylalanine deami- 
nase were incubated for 2 hours under the usual assay conditions 
with the following amino acids: L-phenylalanine, piL-aspartic 
acid, L-histidine, L-alanine, 3,4-dihydroxyphenyl-p1-alanine, 
pi-leucine, 6-phenyl-pt-serine, glycine, L-cysteine, and L-tryp- 
tophan. The amino acids were present at a final concentration 
of 0.01 m (L isomer). Ammonia was distilled by steam, from 
the reaction mixture made 0.15 m with respect to Na2B,O;, into 
0.5 ml of 0.2 m boric acid, and was determined by nesslerization 
of the boric acid solution. Ammonia (0.94 umole) was formed 
only when L-phenylalanine was the substrate. It would be well 
to point out here that when the enzyme has been freshly pre- 
pared, the DEAE-cellulose fractions also catalyze the deamina- 
tion of L-tyrosine and pL-m-tyrosine to the corresponding un- 
saturated acids and ammonia. These conversions are probably 
catalyzed by the enzymes from barley described by Neish (8) 
which convert L-tyrosine and pL-m-tyrosine to the corresponding 
unsaturated acids and ammonia. However, the ability of the 
DEAE-cellulose fractions to catalyze these conversions is com- 
pletely lost on storage of the fractions, although they still con- 
tain 75% of the original phenylalanine deaminase activity. For 
example, 97 units of enzyme (which had been stored at —10° 
for 3 months) were incubated under the usual assay conditions 
for 8 hours, with 0.005 m (final concentration of the L isomer) of 
each of the following amino acids: L-phenylalanine, L-tyrosine, 
and DL-m-tyrosine. Ammonia was determined by direct ness- 
lerization of an aliquot of the reaction mixture. Ammonia 
(1.97 umoles) was formed only when t-phenylalanine was the 
substrate. Thus, phenylalanine deaminase appears to be spe- 
cific for L-phenylalanine. 

5. Effect of Metals—Attempts were made to stimulate pheny]l- 
alanine deaminase activity by the addition of metal ions. The 
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Fie. 2. The pH optimum curve of phenylalanine deaminase. 
For testing, 100 units of enzyme were assayed in 200 umoles of 
buffer under the usual conditions. The values were measured in 
sodium acetate buffer (X), potassium phosphate buffer (@), 
sodium borate buffer (©), ethanolamine-HCl buffer (A), and 
methylamine-HCl (A). Cinnamic acid was extracted into ether 
and determined spectrophotometrically. 
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Fig. 3. The effect of the enzyme concentration on the rate of 
the reaction. The enzyme (142 units per ml) was assayed for 80 
minutes under the usual conditions. Cinnamic acid was deter- 
mined spectrophotometrically. 
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Fig. 4. The effect of time on the production of cinnamic acid. 
Enzyme, 60 units, was assayed under the usual conditions. Cin- 
namic acid was determined spectrophotometrically. 
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following additions, all at 10-* mM, were without effect: CoCla, 
NiCl., MgCle, MnCls, FeCl:, FeCl;, (NH4)sMo0;O.4-4H.2O, and 
Pb(C:H;02)2:-3H.0. The DEAE-cellulose fractions contained 
KCl, and further addition of KCI did not stimulate phenylalanine 


TABLE II - 


Inhibitory effect of certain metals on phenylalanine 
deaminase activity 
Enzyme, 10.4 units, was incubated under the usual assay con- 














ditions. Cinnamic acid was determined spectrophotometrically 
Addition | Final concentration Inhibition 
ae ce % 
ESS Seen, Fear ree | 10-3 18 
RRR Saeed 10-3 32 
CaCl. rs te a eee a ee ee ee 10-3 57 
a RRB op be Pete ee em: ig 100 
EISEN tar ete 10-5 100 
TaB_e III 


Effect of sulfhydryl compounds and sulfhydryl group reagents 
on phenylalanine deaminase activity 
The enzyme was assayed as usual. The addition of enzyme was 
as follows: 10.4 units to Nos. 1 and 2, 25 units to No. 3, 17.6 units 
to No. 4, and 15.5 units to Nos. 5to10. The cinnamic acid formed 
was determined spectrophotometrically except for No. 2. The 
radioactive assay was used for No. 2. 





| Final 








No. Addition leoacentratton! Effect 
a Sas 

1 p-Chloromercuri- | 1 X 10-* | 100% inhibition_ 

phenylsulfonic acid | | 
2 Todoacetamide | 1x 10°? | 67% inhibition 
3 GSH |3 X 10°* | 70% stimulation 
4 | GSH | 3 X 10-3 | 40% stimulation 
5 L-Cysteine (3X 10% | 35% inhibition 
6 L-Cysteine |1X 10° | 76% inhibition 
7 | t-Cystine 1 X 10° | No effect 
8 GSSG 4X 10-* | No effect 
9 Mercaptoethanol 1 X 10° | No effect 

TaBLe IV 


Effect of aromatic acids on phenylalanine deaminase activity 

The enzyme was assayed for 2 hours under the usual conditions. 
The addition of enzyme was as follows: 11.3 units to Nos. 1, 3, and 
4, 25 units to Nos. 2 and 7, and 37 units to Nos.5and6. The radio- 
active assay was used for all except Nos. 4 and 5. The cinnamic 
acid from Nos. 4 and 5 was determined spectrophotometrically. 





Final 





No. Addition | concentration Inhibition 
M % 
1 L-Tyrosine /2xX 10° | 36 
1 | u-Tyrosine |6 X 10-4 57 
2 trans-p-Coumaric acid 2X 10°* | 45 
2 | trans-p-Coumaric acid 6 X 10-4 64 
3 trans-Cinnamic acid 16 X 10-4 25 
4 | 3,4-Dihydroxyphenyl- 6 X 10°? | 22 
DL-alanine | 
A | 8-Phenyl-pL-serine 6 X 10-3 22 
6 | Phenylacetic acid | 1X 10-8 None 
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deaminase activity. Table II summarizes the inhibitory effects 
of certain metal ions on phenylalanine deaminase activity. A]. 


though 10-? m Versene (ethylenediaminetetraacetate) and 10- | 


M a,a’-dipyridyl did not affect the reaction, 10-? m KCN ip. 
hibited the reaction 85%. 

6. Effect of Sulfhydryl Compounds and Sulfhydryl Group Re- 
agents—As shown in Table III, phenylalanine deaminase was 
completely inhibited by 10-5 m p-chloromercuriphenylsulfonic 
acid. Iodoacetamide at a higher concentration inhibited the 
enzyme 67%. This evidence clearly indicates that phenyl- 
alanine deaminase is a sulfhydryl enzyme. In keeping with 
these observations, GSH always stimulated phenylalanine de- 
aminase activity but the degree of stimulation varied. On the 
other hand, L-cysteine consistently inhibited the enzyme. The 
inhibition of the enzyme by L-cysteine could be an indirect one, 
although attempts to determine if this is the case have not been 
successful. 

7. Inhibition of Enzyme by Aromatic Acids—Table IV sum- 
marizes the inhibitory effects of compounds which are struc- 
turally related to L-phenylalanine or trans-cinnamic acid. 1- 
Tyrosine and both m- and p-coumaric acids markedly inhibit 
the enzyme reaction even when they are present in relatively 
low concentration. The inhibition by L-tyrosine and p-coumaric 
acid would appear to be competitive. When the concentration 
of t-phenylalanine was increased 3-fold, in a separate experiment, 
the inhibition by 6 X 10-4 M L-tyrosine and 6 X 10-4 M p-cou- 
maric acid was approximately 20% less than that shown in Ta- 
ble IV. The reaction is inhibited to a lesser extent by B-phenyl- 
pL-serine and 3,4-dihydroxyphenyl-pL-alanine although they 
are present at a higher concentration (Table IV). 
namic acid also inhibits the reaction. Because the phenylala- 
nine deaminase reaction seems to be irreversible, however, the 
inhibition of cinnamic acid must be another example of the in- 
hibition of an enzyme by a product of the reaction. 

8. Stability of Enzyme—The stability of the enzyme depends 
upon the age of the plant material used for preparing the acetone 
powder. Acetone powders of the Aravat variety of barley in the 
pre-head stage are completely stable for at least 3 months at 6°. 
The DEAE-cellulose fractions (Step 4), which are obtained by 
fractionation of the enzyme from this material are also markedly 
stable. Storage for periods of up to 33 months at —10° results 
in only 25% loss of activity. However, if the acetone powder is 
prepared from the Aravat variety when the heads have emerged, 
the powder loses most of its activity before 3 months. Acetone 
powders prepared from the young shoots of the Mariout variety 
are completely stable for at least 3 months at 6°. It has been 
found, however, that when the enzyme is obtained from the ace- 
tone powder of young shoots of the Mariout variety, it is un- 
stable to fractionation. 

9. Distribution of Enzyme—The distribution of the enzyme is 
shown in Table V. The enzyme was assayed by determining 
the cinnamic acid formed with use of the radioactive assay. In 
addition, the cinnamic acid formed was identified by radioauto- 
grams. The enzyme has been demonstrated in all plants tested, 
but occurs in various amounts. Barley, alfalfa, rice, and peas 
seem to be good sources of the enzyme, whereas sweet clover and 
lupine are less active. The amount of enzyme activity demon- 
strated in barley shoots and etiolated lupine seedlings was found 
to be reproducible from batch to batch of plants. However, 
the amount of enzyme activity that could be demonstrated in 
sweet clover varied drastically and abruptly with the age of the 
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TABLE V 
Distribution of phenylalanine deaminase 
Although the results are expressed per g of fresh weight, the 
assays were performed on acetone powders. The radioactive as- 
say was used. All were green plants, except the lupine, which 
was etiolated. Cinnamic acid was identified by means of radio- 
autographs as described in ‘‘Results.’’ 

















Source Variety Part of plant used | Age of plant Cente acid 
- | | pumoles/g fresh wt/hr 
Sweet Stems + 5 weeks 0.4 

clover leaves 
Lupine Whole plant 7 days 0.25 
Rice | Caloro Whole plant | 12 days 0.6 
Barley | Mariout Shoots 7 days Bo 
Barley | Aravat Stems Pre-head 1.6 

| stage 
Alfalfa | Caliverde | Stems 15 days 1.5 
Peas | Alaska Whole plant 11 days 0.6 








plant material. 
made. 


Extensive sampling of the other plants was not 


DISCUSSION 


The reaction catalyzed by phenylalanine deaminase is similar 
to the aspartase reaction in which one molecule of ammonia is 
eliminated from an a-amino acid to form an unsaturated acid. 
In the phenylalanine deaminase reaction, the unsaturated acid 
iscinnamic acid. The cinnamic acid isolated from the enzyme 
reaction has the trans configuration. The possibility that cis- 
cinnamic acid is the product of the reaction and undergoes isom- 
erization, either enzymatically or nonenzymatically, during the 
course of the reaction or isolation has been eliminated. Also, 
in a closely analogous enzyme reaction in which L-tyrosine is 
converted to p-coumaric acid, Neish (8) has demonstrated that 
it is the trans isomer of p-coumaric acid which is formed. 

The phenylalanine deaminase reaction is believed to occur by 
the direct deamination of L-phenylalanine to form cinnamic acid 
andammonia, Although this reaction could occur by formation 
of the keto acid, followed by reduction and dehydration, it ap- 
pears to occur in a single step. In addition to the stoichiometric 
evidence, ammonia formation is known to occur equally well 
under both aerobic and anaerobic conditions. Further, cinnamic 
acid formation is not affected by the addition of a-ketoglutarate, 
pyridoxal phosphate, and DPNH, when added either singly or 
together. 

In recent years, several enzymes that catalyze aspartase-like 
reactions have been studied. These include aspartase (19-21), 
8-methylaspartase (22), histidine-a-deaminase (histidase) (23), 
and an enzyme that catalyzes the deamination of L-tyrosine (8). 
Although the reactions catalyzed by the first two enzymes are 
reversible (22, 24), the reactions catalyzed by the latter two en- 
wymes are irreversible (8, 25). Although preliminary experi- 
ments suggest that the phenylalanine deaminase reaction is 
imeversible, this has not been conclusively demonstrated. 

The stimulation of phenylalanine deaminase by GSH and the 
inhibition of the enzyme by certain sulfhydryl group inhibitors 
strongly suggest that phenylalanine deaminase requires the 
sulfhydryl group for activity. Aspartase (19, 20) and histidine- 
a-leaminase (26) have been shown to be inhibited by sulfhydry] 
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group reagents. The stimulation of histidine-a-deaminase by 
GSH has been demonstrated (26, 27). 

Aspartase, 8-methylaspartase, and histidine-a-deaminase re- 
quire the presence of metal ions for activity (19, 22, 26-28). 
In addition, the inhibition of histidine-a-deaminase by Versene 
(26-28), and the reversal of this inhibition (27, 28) has been 
reported. Inasmuch as phenylalanine deaminase seems to be 
analogous to aspartase and aspartase-like enzymes, the possi- 
bility that phenylalanine deaminase is a metalloprotein was 
explored. The enzyme was found to be inhibited by cyanide, 
and this indicated that it could be a metalloprotein. On the 
other hand, phenylalanine deaminase was not stimulated by any 
of the metal ions added. However, the preparations were not 
rigorously treated for the removal of metals. 

That phenylalanine deaminase is specific for L-phenylalanine 
is in keeping with the probable function of this enzyme in plants, 
namely, to provide a source of cinnamic acid for ultimate incor- 
poration into the secondary plant products. The occurrence of 
phenylalanine deaminase in plants substantiates the view of 
Neish that t-phenylalanine is a precursor of the secondary plant 
products by its conversion to cinnamic acid. The enzyme 
occurs in both monocotyledons and dicotyledons as predicted 
by Neish’s work (2-6). Moreover, in a joint experiment with 
Dr. Neish, it was shown that preparations of dicotyledons such 
as lupine, pea, and alfalfa lacked the enzyme that converts 
L-tyrosine to p-coumaric acid but contained phenylalanine de- 
aminase activity. This further substantiates Neish’s hypothesis 
that both monocotyledons and dicotyledons can convert L- 
phenylalanine to lignin through cinnamic acid, but only mono- 
cotyledons can convert L-tyrosine to lignin through p-coumaric 
acid. 


SUMMARY 


The enzyme, phenylalanine deaminase, which catalyzes the 
conversion of L-phenylalanine to trans-cinnamic acid and am- 
monia, has been purified 28-fold from barley (Hordeum vulgare 
L. var. Aravat) and partially characterized. Phenylalanine 
deaminase appears to be an aspartase-like enzyme, and some of 
the properties of phenylalanine deaminase are compared to those 
of aspartase and aspartase-like enzymes. The function of this 
enzyme in plants is discussed. 


Acknowledgment—The authors wish to thank Dr. A. C. Neish 
of the National Research Council of Canada for many helpful 
discussions. 
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Induction of Tyrosine--ketoglutarate Transaminase 
in Rat Liver 


I. HORMONAL NATURE 
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From the Biology Division, Oak Ridge National Laboratory,+ Oak Ridge, Tennessee 


(Received for publication, May 5, 1961) 


The extensive increase in tyrosine-a-ketoglutarate transami- 
nase activity of rat liver after tyrosine administration was first 
observed by Lin and Knox (1). These workers also demon- 
strated that tyrosine was ineffective in adrenalectomized rats 
unless it was accompanied by a small amount of adrenal hor- 
mone. Apparent specificity for tyrosine (2) and dependence on 
adrenocortical steroids suggested a dual control of this enzyme— 
one hormonal and the other a specific substrate adaptation. 
Tyrosine transaminase increases rapidly just after birth in a 
manner quite analagous to its induction in adult rats, and this 
natural increase is also dependent on adrenal hormone (3). 
Methionine stimulated this developmental change, but neither 
a requirement nor an effect of administered tyrosine was ob- 
srved.! These considerations led to the present reinvestigation 
of the role of substrate in transaminase induction. The results 
demonstrate that tyrosine is not specific as an inducer, but indi- 
cate, rather, that this induction is entirely mediated by adreno- 
corticoid hormone. 


EXPERIMENTAL PROCEDURE 


Methods 


Sprague-Dawley rats weighing 200 to 400 g were used in all 
experiments, and males were used exclusively when adrenalec- 
tomy was required. Materials were administered intraperito- 
neally as solutions or suspensions in isotonic saline. Except for 
steroids, the amount given was 60 mg/100 g. Suspensions of 
Celite (a diatomaceous earth, Johns-Manville) and bentonite (an 
aluminum silicate clay) were mechanically homogenized to re- 
duce particle size and facilitate parenteral administration. Con- 
trols received a comparable volume of isotonic saline. The 
animals were killed 4 to 5 hours after injection, and their livers 
wereremoved forassay. In mostexperiments, assays were carried 
out immediately ; in others, livers were quick frozen by immersion 
in powdered Dry Ice, then stored at —20° for 1 to 3 days. Con- 
trol experiments established that this procedure caused no sig- 
tificant change in any of the parameters measured. Livers were 
homogenized in several volumes of 0.15 m KCI-10-? m ethylene- 
tiaminetetraacetate. The homogenates were diluted to 10% 
(weight per volume) and filtered through cheesecloth. Tyrosine- 


*Present address, Department of Biochemistry, Virginia Poly- 
technic Institute, Blacksburg, Virginia. 
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a-ketoglutarate transaminase was assayed as described previously 
(4), except that reaction mixtures were not shaken, and the 
reaction was initiated by adding the enzyme preparation. Pro- 
tein was estimated by a modification of the biuret reaction (5). 

Bilateral adrenalectomy was performed under Nembutal anes- 
thesia. The adrenalectomized animals were maintained on 1% 
NaCl as drinking water until they were used, 2 to 15 days after 
the operation. 

Amino acids (L isomers) and other injected materials were 
obtained through regular commercial channels; hydrocortisone-4- 
C" was a generous gift of the Endocrinology Study Section of the 
National Institutes of Health. 


RESULTS 


Eleven amino acids and derivatives were tested for their ca- 
pacity to induce tyrosine transaminase in intact rats, under 
conditions optimal for stimulation by tyrosine (1). The results 
(Series A, Table I) show that tryptophan is as effective as tyro- 
sine, causing a 7- to 10-fold stimulation during the 4- to 5-hour 
induction period. Several other amino acids elevated the activ- 
ity to a lesser extent, and five others, including another substrate, 
glutamate, were essentially ineffective. We noted that the rela- 
tive efficiency of the various amino acids was roughly propor- 
tional to the extent to which they remained insoluble at the con- 
centration injected. In a second series of experiments (Series B, 
Table DI), we tried to assess the contribution of nonspecific meta- 
bolic stress to the changes observed by using similar amounts 
of the insoluble inorganic preparations, Celite and bentonite. 
These materials, particularly Celite, were found to be as effective 
as tyrosine or tryptophan in transaminase induction. 

A comparison of the data of Series A and B, Table I, reveals 
some experimental discrepancies common in these studies in 
vivo. For example, transaminase activity in saline-injected con- 
trols, averaged 14.2 units per mg in the first series, 22.0 units per 
mg in the second, and was increased by phenylalanine in one 
and not in the other. The Series A and Series B experiments 
were done several months apart under identical conditions. This 
fluctuation in enzyme activity was not apparent in adrenalec- 
tomized animals, the activity of which was uniformly low. 
Changes in activity thus seem to reflect fluctuation in adrenal 
output, perhaps with a seasonal rhythm. 

Further analysis of the requirements for transaminase induc- 
tion was made with adrenalectomized rats. The results of these 
experiments are summarized in Table II. Saline-injected con- 
trol animals had low transaminase activity, and none of the ma- 
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TABLE I 


Effect of amino acids and other materials on hepatic tyrosine-c- 
ketoglutarate transaminase in intact rats 


























Tyrosine transaminase 
Series Treatment No. of animals units 
mg of protein 
A Saline 32 14.24 4.0* 
Tyrosine 9 94.2 + 22.6* 
Tryptophan 9 103.8 + 40.8* 
Phenylalanine 6 38.6 + 18.2* 
Methionine 5 23.4 + 12.0* 
Leucine 3 26.8 (3.0)T 
Glutathione 3 24.8 (8.6)T 
Cysteine 3 13.2 (2.2)f 
Glutamine 3 15.1 (3.0)T 
Histidine 3 16.5 (6.5)t 
Arginine 3 8.3 (2.5)t 
Glutamate 3 10.8 (1.7)t 
B_ | Saline 13 22.0 + 6.8* 
Tyrosine 6 101.9 + 17.8* 
| Tryptophan 6 125.2 + 19.8* 
| Celite 4 119.6 + 22.9* 
Bentonite 4 85.7 + 17.3* 
Phenylalanine | 3 | 26.0 + 5.7* 
| 
* Standard deviation. 
+ Maximal deviation from mean. 
TaBLeE II 


Induction of hepatic tyrosine-a-ketoglutarate transaminase 
in adrenalectomized rats 





1 | — 
| 

|. eee Tyrosine — 
Part Treatment | cute transaminase units 
| mg of protein 














| 
| 
1 Saline | 19 | 11.84 5.3* 
Tryptophan | 13 22.0 + 10.4* 
Tyrosine | 5 6.2 + 1.2* 
Methionine 7 27.2 + 16.2* 
| Celite | 3 3.9 + 1.7* 
2 | Hydrocortisone hemisuccinate| 6 | 36.4 + 6.8* 
| (3 mg) | | 
| Hydrocortisone hemisuccinate | 2 117.8 
| + tyrosine 
| Hydrocortisone hemisuccinate | 2 | 114.2 


+ methionine 


3 Hydrocortisone (0.5 to 1.0 mg) | 5 117.8 + 21.6* 
Hydrocortisone + tryptophan | 5 | 129.5 + 16.1* 
| Hydrocortisone + tyrosine | 5 157.2 + 2.2* 
Hydrocortisone + methionine | 5 | 174.2 + 30.2* 
| Hydrocortisone + Celite 5 | 209.9 + 14.7* 


* Standard deviation. Steroid doses are per 100 g of body 
weight. 





terials tested had an appreciable inducing effect in the absence of 
steroids (Part 1, Table II). Tryptophan and methionine did 
cause small stimulations in some animals; this effect was quite er- 
ratic (indicated by large deviations) and was most pronounced in 
animals surviving surgery for 10 days or more. Accessory 
adrenal tissue was found in from 10 to 25% of the rats examined 
histologically (6). This tissue is known to hypertrophy after 


adrenalectomy (7), and, hence, the erratic effects observed jy 
these experiments can be ascribed to this residual source of 
endogenous steroid. 

In Part 2 of Table II are presented experiments similar to 
those reported by Lin and Knox (1). Tyrosine, administered | 
with small doses of the hemisuccinate ester of hydrocortisone, 
elevates transaminase activity several fold beyond the level 
ascribable to the hormone alone. Methionine is similarly effec. | 
tive. 

The unesterified form of hydrocortisone was several time; | 
more effective than the ester in inducing transaminase activity | 
(cf. Part 2, Table II, and Fig. 1). The dose-response curve 
appears biphasic. Activity reaches a plateau at about 120 units 
per mg of protein, a level essentially unchanged by increasing 
the steroid dose from 0.5 to 2.6 mg/100 g. This is also the leve 
of activity attained in intact animals by the most effective 
“inducers” tested (Table I). Activity can be increased beyond 
this plateau by large doses of hydrocortisone, 10 mg/100 g 
elevating the transaminase to what is considered the “fully in. 
duced’”’ level, about 200 units per mg of protein. The gros 
appearance and behavior of animals given more than 2.5 mg of 
hydrocortisone per 100 g were indicative of the toxic effects of ex. 
cessive amounts of steroid, and those receiving the highest dog 
were near death by the end of the experimental period. A curve 
similar to that of Fig. 1 was obtained when varying hydrocor- 
tisone doses were given to intact animals. 

When adrenalectomized rats were given a small dose of hydro. 
cortisone (free alcohol) sufficient to increase transaminase about | 
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Fic. 1. Induction of tyrosine transaminase by varying amounts | 
of hydrocortisone in adrenalectomized rats. Hydrocortisone | 
(free aleohol) was administered in saline suspension. Five hours | 
later, the animals were killed and their livers were removed for 
assay. Each point represenis the mean of 2 or 3 determinations. 
The bars indicate the range of experimental values obtained. 
Extensive variation at low hydrocortisone doses is ascribed to 
difficulty in precise injections of small amounts of the insoluble 
steroid. 
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\0-fold, a further induction could be obtained by simultaneous 
administration of either tyrosine, methionine, or Celite (Part 3, 


' Table II). This augmentation was essentially similar to that 
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observed with hydrocortisone hemisuccinate. Celite was the 
most effective material tested, elevating activity to the “fully 
induced” level, but tryptophan was essentially ineffective in this 
regard. 

We tested the possibility that these materials capable of po- 
tentiating the action of administered hydrocortisone do so by 
increasing hepatic levels of hormone (Fig. 2). A group of adre- 
nalectomized rats was treated with a minimal dose of hydrocorti- 
sone labeled with C'*. Half of these were simultaneously given 
Celite as an ‘“‘augmenter,” and the rest were not further treated. 
Changes in transaminase activity and in hepatic hydrocortisone 
concentration (determined as radioactivity extractable by meth- 
ylene chloride) were determined at intervals through the induc- 
tion period. The results demonstrate that increased enzyme 
induction in animals given Celite is indeed associated with hy- 
drocortisone levels 2 to 3 times higher than in those given the 
hormone only. 
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Fic. 2. Effect of Celite on tyrosine transaminase induction and 
on hepatic retention of C!4-hydrocortisone in adrenalectomized 


' tats. At zero time, rats weighing 250 to 300 g were each treated by 


injection intraperitoneally with 1 ml of a solution containing 
400 pg (1 uc) of 4-C'4-hydrocortisone in 35% ethanol. Half were 


| immediately treated by injection with Celite (closed circles) and 
| the others were not treated further (open circles). One animal 





from each group was killed at each of the times indicated, and a 
small portion of liver was taken for assay of transaminase activity 
and protein. The remaining liver was immediately homogenized 
in cold CH,Cle, then extracted twice at 37° with 5 volumes of 
CH:Cle. The CH:Cl, extracts of each liver were recovered by 
centrifugation, pooled, and evaporated to dryness in standard 
glass counting vials. Residues were solubilized directly in liquid 
scintillator counting mixture and counted in a Packard Tri-Carb 
spectrometer. Corrections for quenching were made by counting 


before and after addition of a sample of Na2S**O, of known radio- 
activity. 


DISCUSSION 


The data show that induction of tyrosine transaminase clearly 
is not the result of a specific action of substrate per se. Induc- 
tion by tyrosine in both intact and adrenalectomized rats is 
equaled and even surpassed by other amino acids, and also by 
insoluble inorganic preparations to which little metabolic speci- 
ficity can be ascribed. Increases in transaminase activity de- 
tected after administration of these stimuli can, instead, be 
related either to changes in the amount of adrenal steroid 
secreted, or to still obscure metabolic effects that result in a 
potentiation of the action of a small amount of hormone. 

Of the materials found effective as inducers in intact rats, only 
hydrocortisone was active in the absence of functional adrenals. 
Thus, adrenal steroid is required, and induction by tyrosine, 
tryptophan, or inorganic preparations is secondary to their 
stimulation of adrenocorticoid secretion. Furthermore, hydro- 
cortisone was sufficient to increase activity to the fullest extent 
observed, and no other exogenous stimulus was required. 

Potentiation of a small dose of hydrocortisone by Celite is 
associated with increased hepatic concentration of the steroid, 
and the similar action of tyrosine and methionine on enzyme 
induction can reasonably be assumed to be caused by this effect. 
Although the mechanism of this effect is unknown, we suggest 
that it is related to a general toxicity of these materials. Toxic- 
ity was evident in the appearance and behavior of animals so 
treated. The apparent biphasic nature of the hydrocortisone 
dose-response curve (Fig. 1) can also be interpreted as a poten- 
tiation of the effect of physiological doses (0.5 to 2.5 mg/100 g) 
by increasing the dose to toxic levels. Potentiation of the hor- 
monal action may thus be owing to any of the profound physio- 
logical changes in the severely stressed animal, such as decreased 
circulation or shutdown of renal function. 

The efficacy of tryptophan as an inducer of the tyrosine- 
metabolizing enzyme is of special interest in view of the well 
known induction of tryptophan pyrrolase by its substrate (8). 
Unlike the latter enzyme, however, tyrosine transaminase was 
induced only in the presence of functional adrenals, and the 
effect of tryptophan in this instance clearly lies in its capacity 
for stimulating adrenal secretion. Tryptophan pyrrolase is 
partially induced by hydrocortisone and, in the adrenalectomized 
animal, inductions by tryptophan and by hydrocortisone are 
additive (9,10). These observations suggest that independent 
mechanisms exist for induction of the enzyme (10). Our data 
show that tryptophan administration stimulates adrenocorticoid 
secretion. Thus, we can infer that pyrrolase induction by tryp- 
tophan in intact rats is partially attributable to hormonal induc- 
tion. This suggestion is in accord with recent findings by Feigel- 
son and Greengard (11, 12), who have demonstrated that some, 
but not all, of the pyrrolase induction in intact rats can be at- 
tributed to changes in hematin components required by this 
enzyme. Perhaps the portion of pyrrolase induction that is 
not referable to the hematin component is ascribable to the same 
hormonal mechanism of induction responsible for increases in 
tyrosine transaminase. 


SUMMARY 


Tryptophan, and suspensions of inorganic materials (Celite, 
bentonite), were as effective as tyrosine in inducing increases in 
hepatic tyrosine-a-ketoglutarate transaminase in intact rats. 
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Like tyrosine, they were ineffective after adrenalectomy. Hy- 
drocortisone (free alcohol) was an effective inducer at low doses 
in both intact and adrenalectomized animals. The transaminase 
could be induced to the fullest extent observed (about 20-fold) 
by hydrocortisone without additional stimuli. The effect of a 
small dose of hydrocortisone in adrenalectomized rats could be 
potentiated by simultaneous administration of tyrosine, methio- 
nine, or a suspension of diatomaceous earth (Celite). Given with 
a small dose of hydrocortisone-C™, Celite resulted in hepatic 
C™ concentrations 2 to 3 times greater than those in animals 
given only the steroid. It is concluded that induction of tyro- 
sine transaminase is entirely mediated by adrenal hormone. 


Acknowledgment—We gratefully acknowledge the continued 
interest of Dr. G. David Novelli in these investigations. 
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| The action of polynucleotide phosphorylase preparations ob- 


tained from several bacterial species is sensitive to the effects of 
a variety of oligo- and polynucleotides (1-4). Polynucleotides 
characterized by having 3’-hydroxyl groups at the end of the 
polymer chain not only stimulate the polymerization but also 
are incorporated into the newly synthesized polymer (2). Poly- 
, nucleotides with terminal 3’-phosphate groups and low molecular 
weights may stimulate the polymerization reaction but are not 
incorporated into the newly synthesized polymer (5). Hendley 
and Beers (3) have shown that alkali-degraded polyadenylic 
acid preparations and commerical yeast ribonucleic acid effec- 
tively inhibit the action of polynucleotide phosphorylase from 
" Micrococcus lysodeikticus. Subsequently, I found (4) that the 
polymerization in the presence of these inhibitory polynucleotides 
is autocatalytic and so, in general, mimics the kinetics reported 
earlier with Azotobacter vinelandii polynucleotide phosphorylase 
preparations shown to require “primer” (1). I presented the 
hypothesis that most, if not all, of the need of polynucleotide 
| phosphorylase for primer was merely a manifestation of the role 

' of the primer (or any suitable oligonucleotide) as a substrate in 

_ the polymerization process. 

+ More recently, however, comparative studies with various 
commercial preparations of adenosine diphosphate (6) have 
shown the presence in these preparations of activators of poly- 
nucleotide phosphorylase. These contaminants are similar in 

| their properties to dialyzable activators obtained from ribonucleic 

acid preparations (4). The present paper summarizes my find- 
ings regarding the phenomenon of stimulation and inhibition of 


polynucleotide phosphorylase by polynucleotides and oligonu- 
cleotides (7). 


EXPERIMENTAL PROCEDURE 


Enzymes—Polynucleotide phosphorylase was prepared from 
M. lysodeikticus as described elsewhere (8). However, the 
acetone fractionation step was not used in every instance. We 
removed the polynucleotide contaminant in the enzyme prepara- 
tions by treatment of the enzyme preparations in 0.1 m Tris 
buffer, pH 8, with successive small quantities of Norit A charcoal 

' at a concentration of 1%. Since the major interest in these 
studies was the effect of polynucleotides on the enzyme, the 
major criterion for purity was the €29 my tO €260 mz ratio. Al- 


*This research has been supported by the Louise C. Bowles 
Research Fund; by United States Public Health Grant C-3293, 
| National Cancer Institute; and by a grant from Miles Chemical 
Company, Clifton, New Jersey. 
| {Present address: Johns Hopkins University School of Hygiene 
| nd Public Health, Baltimore 5, Maryland. 


though, as pointed out elsewhere (8), adenylic kinase is present 
in these enzyme preparations, it did not appear to interfere with 
the results described. Polynucleotide phosphorylase was also 
prepared from Bacillus subtilis cells. Details of individual 
preparations are given in the protocols accompanying the experi- 
mental results (tables and figures). 

Pancreatic ribonuclease and alkaline phosphatase of Esch- 
erichia coli specific for monoesterified phosphate were obtained 
from Worthington Biochemical Corporation. 

Nucleotides—Adenosine diphosphate was obtained from three 
commercial sources: Pabst Brewing Company, Sigma Chemical 
Company, and Schwarz BioResearch, Inc. 

Concentrations of the substrate (1%, pH 8) were determined 
by the organic phosphate content after digestion in 70% per- 
chloric acid. 

Polynucleotides—Yeast RNA was obtained from Schwarz Bio- 
Research, Inc., lot NH5739. Before use in the enzyme kinetic 
studies and in the dephosphorylation procedures, samples of the 
material were dissolved in water neutralized to pH 7 with 1 N 
NaOH. The nucleic acid, reprecipitated by the addition of 1 N 
HCl, was washed with 50% ethanol, 95% ethanol, and acetone. 
The precipitated material was dried in a vacuum and redissolved 
in water brought to pH 7.0 with 1 n NaOH. Nucleic acid con- 
centration was determined by the total organic phosphate con- 
tent, RNA-P. 

Polyadenylic acid was synthesized from Pabst ADP as de- 
scribed elsewhere (9). After isolation of the polymer by pre- 
cipitation with KCl, the material was redissolved in water and 
shaken vigorously for 1 hour with several volumes of chloroform 
to inactivate any contaminating enzyme present in the prepara- 
tion. Preparations of Poly A! were partially degraded by the 
action of ribonuclease according to procedures described else- 
where (10). Residual RNase was removed by the method of 
Sevag (11). 

Oligonucleotides obtained by ribonuclease degradation of 
Poly A (10) were fractionated on Ecteola (12). The tetra- and 
pentanucleotides of adenylic acid ending in 5’-phosphate groups 
were generously given to us by Dr. Leon Heppel. 

Methods—Partial purifications of activators from Pabst ADP 
were accomplished on Amberlite IRA-400 (formate) columns. 
After adsorption of the ADP the preparation was eluted either 
with a linear gradient of formic acid and sodium formate (0.1 m 
HCOOH in the mixing vessel and 0.5 to 1.0 m HCOONa plus 
0.1 m HCOOH in the reservoir) or stepwise (13). The active 
fraction appeared after the bulk of the ADP itself had been eluted 


1 The abbreviation used is: Poly A, polyadenylic acid. 
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from the column. Although it was possible to obtain the acti- 
vators with a minimal amount of contaminating ADP, it was 
never possible to obtain the ADP completely free of the acti- 
vators. 

Assay of the activators isolated from the column was carried 
out with Sigma ADP as the substrate, although some activator 
is probably also present in Sigma preparations. 

Polynucleotide phosphorylase was assayed by the rate of re- 
lease of orthophosphate (14). The stoichiometry of the reac- 
tion was determined with each enzyme preparation by simul- 
taneous determination of the acid-insoluble organic phosphate. 
In critical experiments in which the rate of polymerization was 
nonlinear the rate was estimated from the rate curve determined 
at several points along the time axis. In the bulk of the experi- 
ments described, the lag in the rate curve was not sufficient to 
influence the interpretation of the results. All experimental 
points were determined in duplicate, with an average deviation 
of less than 5%. 

The terminal phosphate groups of yeast RNA and of PA de- 
graded with RNase (10) were removed by the action of EL. coli 
alkaline phosphatase (15). In a typical procedure, a 10-ml 
reaction mixture contained 6.5 mm yeast RNA-P, 0.05 m Tris 
buffer, pH 9, 10 mm MgCl, and enough E. coli enzyme to com- 
pletely dephosphorylate the RNA or Poly A in 2 hours. To 
follow the dephosphorylation process, 0.5-ml aliquots were re- 
moved from the reaction mixture at varying intervals, mixed 
with 1 ml of 10% perchloric acid and assayed after centrifuga- 
tion, for inorganic phosphate (16). As soon as P; had reached 
a constant value the reaction was stopped by shaking the mixture 
with chloroform for 1 hour to inactivate the phosphatase. Ear- 
lier studies had shown that simple boiling of the reaction mixture 
does not inactivate this enzyme. Subsequently, after removal 
of the chloroform and insoluble protein by centrifugation, 2 ml 
of saturated KCl and sufficient ethanol to precipitate the de- 
phosphorylated RNA or Poly A were added to the supernatant 
solution. The precipitated polymer was collected by centrifu- 
gation, washed with ethanol, and dried in acetone. 

No diesterase activity could be demonstrated in this enzyme 
preparation with either RNA or Poly A (t.e. no acid-soluble 
oligonucleotides or mononucleotides were formed). The fact 
that the extent of phosphate release from RNA remained at a 
small percentage of the total phosphate in the RNA preparations, 
even after several hours, indicates that no additional terminal 
phosphate groups were released by a diesterase action. The 
specificity studies of Hilmoe and Harkness (17) indicate that no 
terminal cyclic 2’,3’-phosphate groups have been removed by 
this method. 

RESULTS 

Enzyme Purification Studies—The major difficulties associated 
with any extensive purification of polynucleotide phosphorylase 
from .. lysodetkticus have been the near disastrous low yields 
and the marked increase in instability of the enzyme. We have 
obtained enzyme preparations low in nucleic acid content by the 
method given above, by fractionation of the enzyme on diethyl- 
aminoethyl] cellulose with a KCl gradient, by ammonium sulfate 
and acetone fractionation, and by passage of the enzyme solution 
through an anion exchange column such as Amberlite IRA- 
400-Cl. All these enzyme preparations are qualitatively similar 
with respect to the influence of polynucleotide inhibitors and 
activators. 
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With the majority of enzyme preparations described in thj 
paper, the maximal velocity constant has ranged from 50 to m4 
moles of ADP incorporated in Poly A in 1 minute per 10° g «| 
protein at pH 7.0 in 0.017 m Tris, 0.2 m KCl, and 1.0 mm Mg¢, 
The corresponding Michaelis constants with ADP vary from jj 
to 5 mM. 

The quantitative relationships with respect to the effects aif 
polynucleotide activators and inhibitors vary markedly with th 
kind and degree of purification of the enzyme. Some of they! 
differences are brought out below. 

Effect of Substrate Source on Properties of Polynucleotide Phy 
phorylase—Preliminary studies indicated, with certain of th 
polynucleotide phosphorylase preparations, that the rate of sy. 
thesis of Poly A differed with the source of substrate (6). Th 
relative rates of synthesis of Poly A by an acetone-fractionate(! 
enzyme preparation with a value of 1.37 for the ratio of 29 n, 
€260 mu Were 1.72 for a Pabst, 1.28 for a Schwarz, and 1.0 for, 
Sigma ADP preparation. 

Direct evidence of the presence of an activator in Pabst ADP 
was obtained from a sample prepared by fractionation of th 
ADP on the Amberlite IRA-400 column. Passage of AD? 
through the column effectively removed all of the activator 
which was subsequently eluted with a gradient formate systen 
after elution of the bulk of the ADP. The activator had no in| 
fluence on polymerization reaction with Pabst ADP but, in con 
trast, markedly stimulated the polymerization with Sigma ADP. 

The absorption curve of the activator isolated from ADP was! 
identical with that of any of the adenosine nucleotide phosphate! 
compounds. 

Since our extensive studies on the inhibition of polynucleotide 
phosphorylase were performed with Pabst ADP preparation 
before the presence of activators was appreciated, we have r 
peated many of them with Sigma ADP. The sensitivity of th 
enzyme toward either activators or inhibitors is greater with 
Sigma than with Pabst ADP as the substrate. However, the 
difference vanishes if the enzyme preparation is relatively rude f 
with respect to its nucleic acid content. This can best be il-| 
lustrated with a B. subtilis enzyme preparation. 

Table I records the relative rates of synthesis of Poly A from 
Pabst ADP and Sigma ADP by the B. subtilis enzyme afte 
successive treatments of the enzyme preparation with Norit 4 
charcoal. As in the case of the crude preparations of M. ly 
deikticus polynucleotide phosphorylase, there is little difference 
in the rates of polymerization until the last treatment with 
Norit A, in which case the rate with the Pabst preparation i 
nearly double that obtained with the Sigma preparation. I 
these studies Sigma ADP showed a slight lag in the polymeriz- 
tion rate. 

Effect of Oligonucleotides on Action of Polynucleotide Phot | 
phorylase—The oligonucleotides, adenylic tetranucleotide and} 
adenylic pentanucleotide, strongly stimulated the polymeriz| 
tion of Sigma ADP and, to a much lesser extent, Pabst ADP. 
The relationship between activation and concentration of oligo 
nucleotide is given by the following: 
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d in this TaBLe I 
00 to 12 Effect of Norit A treatment of B. subtilis polynucleotide 
| 108 ¢ «| phosphorylase on relative rates of Poly A synthesis with 
M Mg(\, different sources of ADP* 
y from |} 
mn * P Difference ratio Me une 
effects F preparation 
with th} uM/min % 
OF thes Rate of untreated....... 61 56 10 0.71 
. Rate of once treated..... 28.2 26.5 6 1.06 
ide Phi! Rete of twice treated... .| 12.0 6.6 84 1.00 
n of the 
te of sm} * The reaction mixtures contained 1.1 mm ADP, 1.0 mm MgClo, 


6). Th! 02m KCI, 0.017 m Tris, pH 9.0, and polynucleotide phosphorylase 
ctionate! from B. subtilis. The rate is recorded as micromoles per liter 
* €o89 nyt) perminute. A 24-hour culture of B. subtilis cells was suspended 

1.0 fory. in 0.5% NaCl and the pH adjusted to 8.0 with 0.5 m Tris (unbuff- 
ered), total volume 50 ml. The cells were lysed at 37° for 45 min- 
utes with 25 mg of crystalline lysozyme, centrifuged at 15,000 
rpm. for 30 minutes, and the supernatant fractionated with 
(NH,)2SO.. The cut between 59 and 64% saturation containing 

of ADP) most of the activity was used as the enzyme source in this experi- 
activate, nent. Samples of the preparation in 0.1 m Tris buffer, pH 8.0, 
te system) yere treated once or twice with Norit A charcoal (5 mg per ml) 
1ad no in for 30 minutes and centrifuged to clarify. Reaction volume was 
it, in con-| 3.0 ml, temperature 37°, reaction time 20 minutes. 
rma ADP. 

ADP was give 50% of maximal activation. With 1 mm Sigma ADP, 1.33 
phosphate! my MgCl, 0.2 m KCl, and 0.017 m Tris, pH 9.0, the maximal 
degree of activation by either oligonucleotide is the same, 122%. 
nucleotide The value of Ka is 0.3 um for the tetranucleotide and 0.4 um 
eparatiols| for the pentanucleotide, based on the concentration of molecules 
e have te} of oligonucleotides. Similar, though not identical, results have 
vity of the} been obtained with the Pabst activator preparation. 
eater with! Efect of Highly Polymerized Poly A on Action of Polynucleotide 
wever, the Phosphorylase—The effects of Poly A preparations of higher 
vely crude} molecular weight on the action of polynucleotide phosphorylase 
best be it} depend upon the experimental conditions, specifically, ionic 
| strength and length of time the enzyme is in contact with the 
polymer before the addition of the substrate. Under conditions 
of optimal salt concentration in the assay, prior incubation of 
the enzyme with Poly A has a negligible effect on the synthesis 
of Poly A from Sigma ADP and strongly inhibits the polymeriza- 
tion with the Pabst ADP substrate. In contrast, at high con- 
centrations of salt, Poly A strongly stimulates polymerization 
irespective of whether the polymer has been in contact with the 
enzyme. In the presence of Poly A, the optimal salt concentra- 
tion is increased. 

Brief treatment of Poly A by RNase results in the prompt 
otide Pho) production of inhibitory material. This process occurs long be- 
eotide a fore any acid-soluble material is produced by the enzyme. In 
volymeriz | one experiment, treatment of Poly A with 0.01% RNase for 1 
‘abst ADP. minute at pH 8 and 37° resulted in the formation of a polymer 
on of olige-| preparation that at 13 uM Poly A-P gave 45% inhibition of 
Poly A synthesis. As the digestion by ribonuclease continued 
to the point where acid-soluble material was being formed, the 
extent of inhibition by the polynucleotide disappeared. 

Shown in Fig. 1 is a plot of per cent inhibition of polynucleo- 
be ee tide phosphorylase from M. lysodeikticus by a Poly A preparation 
, activation | degraded for 5 minutes by pancreatic RNase, the latter at a con- 
centration of 0.01% at pH 8.0. 

The data obey the following relationship. 
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(Poly A) 


% of Inhibition 


(Poly A) 
maximal % inhibition 


K; 
maximal % inhibition 





K; is the concentration of RNase-treated Poly A containing the 
inhibitor’s component required to produce 50% of maximal in- 
hibition. In this instance, K; is approximately 19 um. The 
maximal per cent inhibition is 100% as determined from the 
reciprocal of the slope. 

The relationship between the extent of activation and the 
concentration of highly polymerized polyadenylic acid follows a 
pattern similar to that observed with the oligonucleotides. 
Shown in Fig. 2 is a plot of the rate of polymerization as a func- 
tion of polyadenylic acid present initially in the assay mixture 
under conditions of optimal salt concentration without prior 
incubation of the enzyme with the polymer. In this particular 
experiment from the slope um Poly A/% activation versus um Poly 
A-P the maximal activation was 260%. The concentration of 
Poly A-P required to produce half the maximal activation was 
6.25 uM. 

The concentration of Poly A required to produce 50% maxi- 
mal activation appears to increase linearly with the concentra- 
tion of ADP. The value of dK,/d (ADP) in one set of experi- 
ments was 1.4 X 10-3. 

Changes in the ADP concentration do not change the value 
of the maximal percentage of activation by Poly A. The ab- 
solute value is, of course, increased. 

The activation effects of Poly A cause a decrease in the 
Michaelis constants for ADP. The data suggest a linear rela- 
tionship (slope dK,,/d (Poly A-P) = 320 in one set of experi- 
ments). There is no evidence for a change in the maximal veloc- 
ity constant with increasing concentrations of Poly A. 

It should be recalled that prior incubation of the enzyme 
with Poly A results in inhibition of the polymerization of ADP 
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Fie. 1. Inhibition of polynucleotide phosphorylase by RNase- 
treated Poly A. The Poly A was treated for 5 minutes with RNase 
as described in ‘‘Experimental Procedure’’ (no acid-soluble ma- 
terial was formed). The reaction mixtures contained 1 mu ADP 
(Pabst), 1 mm MgCl.,0.2 m KCl, polynucleotide phosphorylase from 
M. lysodeikticus, E-143-3b (ratio Of e280 my tO €260 mz = 1.6), 0.017 m 
Tris, pH 9.0, and varying concentrations of RNase-treated Poly A. 
The enzyme was incubated with Poly A for 15 minutes before the 
addition of the substrate. The reaction volume was 3.0 ml; 
temperature 37°; reaction time 20 minutes. O——O, per cent 
inhibition; @——@ (Poly A)/per cent inhibition. 
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Fic. 2. Stimulation of the synthesis of Poly A by varying 
concentrations of Poly A. The reaction mixtures contained 0.5 
mm ADP (Pabst), 0.67 mm MgCls, 0.2 m KCl, 0.017 m Tris, pH 
9.0, polynucleotide phosphorylase from M. lysodeikticus, E-134-A- 
1b, and varying concentrations.of Poly A-P. Poly A was added 
simultaneously with the substrate. The reaction volume was 3.0 
ml; temperature 37°; reaction time 20 minutes. O——O, per 
cent stimulation by Poly A; @——@ (um Poly A)/per cent stimu- 
lation. 
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Fia. 3. Time course of inhibition of polynucleotide phosphoryl- 
ase by yeast RNA. The reaction mixtures contained 1.1mm ADP 
(Pabst), 0.3 mm MgCl, 0.1 m KCl, 0.02 m Tris, pH 9.0, and poly- 
nucleotide phosphorylase from M. lysodeikticus, E-134-A-1b, and 
1.6 um yeast RNA-P. The enzyme was incubated for the specified 
periods of time before the addition of the substrate. The reaction 
volume was 3.0 ml; temperature 37°; reaction time 10 minutes. 
O——O, Control without RNA; ®@——e, RNA present. 


when the reaction is carried out at optimal salt concentration. 
The inhibition effects of Poly A and of RNase-degraded Poly A 
are similar. The Michaelis constant for ADP is increased. 
There is no change in the maximal velocity constant for ADP. 
The rate curve for the synthesis of Poly A in the presence of 
inhibitory Poly A is nonlinear. The parameters of per cent 
inhibition are, in effect, only relative values or, at best, approxi- 


Stimulation and Inhibition of Polynucleotide Phosphorylase 








Vol. 236, No. 19 Octobe 
mations of the extent of inhibition of the enzyme by these jp. 
hibitors. By limiting the reaction time to 20 minutes as wa 
done in the majority of these studies, the influence of the auto. 
catalytic rate curve on the measurements of the inhibition ¢op. | —— 
stants is minimized. : 

Poly A degraded with ribonuclease and treated with the f |) —— 
coli alkaline phosphatase loses its inhibitory properties. The | No RN 
phosphatase-treated material effectively reverses the inhibition ) Yeast 1 
by polynucleotides ending in 3’-phosphates. Thus, in one ex. | 
periment 16 um Poly A, degraded by RNase, produced 469, *Th 
inhibition of polynucleotide phosphorylase but, when mixed| 0.2 ™ 1 
with an equal concentration of the same polyadenylic acid tha | from ¥ 
had been dephosphorylated, the polymerization reaction was} #37": 
actually stimulated 115% over the control. volume 

Effects of Yeast RNA on Action of Polynucleotide Phosphoryi. | be: ie 
ase—Yeast RNA shows the same general effects as RNag. be 
treated Poly A. Maximal inhibition of the enzyme by yeast 
RNA cannot be demonstrated unless the enzyme is incubate | 
with the inhibitory polymer for several minutes before the addi- Rele 
tion of the substrate. ne, 

In Fig. 3 is shown the extent of inhibition by 1.6 uM yeast | 
RNA when it is incubated with the enzyme for periods up to 60 
minutes before the addition of the substrate. In general, 3) 
minutes at 37° is sufficient for maximal inhibition. As show 
below, this inhibitory effect is only observed at critical concer. Sigma | 
trations of KCl; below and above, the opposite holds true. The} Pabst 
instability of the enzyme at this temperature under the usual! Pabst / 
assay conditions makes longer incubation periods undesirable. ! ‘Th 
Up to 60 minutes of incubation at 37° resulted in no loss of en- 02uK 
zyme activity in this experiment. oink 

Prior incubation with extremely low concentrations of RNA} pna a: 
is effective in inhibiting the synthesis of Poly A from ADP.| gdditio 
Significant inhibition has occurred with as little as 0.01 pm of : utes wi 
polynucleotide material or approximately 3 uug of RNA per ml.) 3.0 ml, 
However, the inhibition did not reach 100% at high RNA con 
centration but with this particular preparation of RNA ap? j ninit, 
proached a maximum of about 70% at approximately 1 um. A! pwa ¢ 
100-fold increase in RNA concentration (0.1 mm) beyond this Shov 
point resulted in no significant change in the degree of inhibition prepars 
(72%). > Pabst « 

The data also obey the relationship described by Equation? | yegct ] 
The value of K; determined from one set of experiments wa | inhibit 
0.1 um RNA, but the maximal per cent inhibition was only 69% 19% a 
which was reasonably close to the value obtained with 100 uv| spp, 
RNA. Alka 

The concentration of RNA required to produce a given P| comple 
cent inhibition varies with the enzyme preparation. Thot| ginito, 
most highly purified, ¢.e. with the highest €280 my tO €260 my Tati, | by tre 
are the most sensitive. Mess 

Yeast RNA strongly affects the kinetic constants for the sub | ghtging 
strate, ADP, in the polymerization reaction. Shown in Tabk | that of 
II are the Michaelis constants and maximal velocity constant) mont , 
for ADP (Pabst) in the presence of 0.5 um yeast RNA. RNA degrad 
increased the Michaelis constant for ADP from 0.87 mm to 38 790 y 
mm and decreased the maximal velocity from 192 ymoles pe) 15 to 9 
minute to 118 umoles per minute. This type of inhibition 8 propert 
reminiscent of that observed with acridine orange in which the} Ty. 
mechanism involves the interaction of the dye with the poly: | Poly A 
nucleotide material in the enzyme assay mixture (8). | withR 

Removal of the terminal groups of yeast RNA by E. oh} effects 


alkaline phosphatase results in the complete abolition of the | 
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TaBLeE II 


Effect of yeast RNA on kinetic constants of 
polynucleotide phosphorylase* 








Vmax | Km 

um/min uM 
RS ish Soh ooh ee 192 0.87 
Gab BNA, OS pt... . 6.0.0 000005.. 118 3.85 








* The reaction mixtures contained 0.7 mm MgCle, 0.017 m Tris, 
0.2 mu KCl, 0.5 um yeast RNA-P, polynucleotide phosphorylase 
from M. lysodetkticus (E-132). After incubation for 30 minutes 
at 37°, varying concentrations of Pabst ADP were added in equal 
volumes. The kinetic constants were determined from a Line- 
weaver-Burk plot, z.e. (ADP)/(rate) versus (ADP). Reaction 
yolume was 3.0 ml, temperature 37°, reaction time 20 minutes. 


TaBLe III 


Relative effects of dephosphorylated yeast RNA on synthesis 
of Poly A from ADP preparations* 











Dephos- 
Substrate Control | Yeast RNA} pho: a Activation 
| 
um/min % 
| eh 78 105 +33 
SS ae 115 137 +19 
BE ss 650:6:esnle'> «cis 93 11 —88 














*The reaction mixtures contained 1 mm ADP, 1 mm MgCle, 
0.2m KCl, 0.017 m Tris, pH 9.0, and polynucleotide phosphorylase 
from M. lysodeikticus (E-143-3-b). The concentrations of yeast 
RNA and dephosphorylated yeast RNA were0.31mMm. Before the 
addition of the substrate, the enzyme was incubated for 30 min- 
utes with the RNA preparations or water. Reaction volume was 
3.0 ml, temperature 37°, reaction time 20 minutes. 


inhibitory properties of this material and, in fact, converts the 
RNA to an activator of the polymerization reaction. 

Shown in Table III are the activating effects of a yeast RNA 
preparation treated with the EF. coli phosphatase with either 


' Pabst or Sigma ADP preparations for the substrate. Untreated 
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yeast RNA with the enzyme preparation (E-143-b) gave 88% 


| inhibition with Pabst ADP; dephosphorylated RNA produced 


19% activation with Pabst ADP. The activation with Sigma 
ADP as a substrate was even more marked (33%). 

Alkaline hydrolysis of yeast RNA to the mononucleotides 
completely abolishes the inhibitory properties of this material. 
Similar decreases in the extent of inhibition can be accomplished 
by treating the polynucleotide with pancreatic ribonuclease. 
More significant, perhaps, the maximal degree of inhibition 
obtained by excess RNase-treated RNA is considerably less than 
that observed with the undegraded RNA. Thus, in one experi- 
ment with identical concentrations of yeast RNA and RNase- 
degraded RNA, the maximum of inhibition of the former was 
10% whereas that of the degraded RNA was only approximately 
15to20%. Dialysis of the RNA did not influence the inhibitory 
properties of the polynucleotide. 

The effects of RNA on the polymerization are, like those of 
Poly A, strongly dependent on the extent of prior incubation 
with RNA and the ionic strength. In Table IV are shown the 
eflects of varying KCl concentrations on the extent of activation 
or inhibition by 2.2 mm yeast RNA with and without incubation 
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of the enzyme (E-136-e, €280 my tO €260 mz = 1.66) with the RNA. 
RNA effectively stimulates the synthesis of Poly A without 
prior incubation, regardless of the KCl concentration, but its 
effects are maximal at low and high salt concentrations when the 
controls are correspondingly low. After such incubation, the 
enzyme is inhibited at optimal salt concentration (0.2 m), but is 
still stimulated at low and high KCl concentrations, although 
the extent is less. 

The general shape of the rate curve for the polymerization in 
the presence of inhibitory polynucleotides is nonlinear. Shown 
in Fig. 4 are the time curves for the synthesis of Poly A in the 


TasBLe IV 


Effect of prior incubation of polynucleotide phosphorylase 
with yeast RNA at different salt concentrations* 


























| Prior incubation (30 minutes) No prior incubation 
KCl con- | Rates Rates | 
centration 
Difference Difference 
| Control | ffeated Control | tieated 
| | 
M | uM/min % pm /min % 
0.0 3.5 | 5.9 +69 17 | Fs +350 
0.2 | 40.0 | 29.2 —27 | 35.0 | 46.0 +24 
0.5 | 20.8 | 35.0 | +68 | 17.9 | 49.2 | +175 








* The reaction mixtures contained 1 mm Pabst ADP, 1.33 mm 
MgCl», 0.1 m Tris, pH 9.0, KCl at concentrations given, and poly- 
nucleotide phosphorylase from M. lysodeikticus (E-136-e). The 
ratio of €230 mp tO €20 m = 1.66. Concentration of RNA-P in 
treated preparations was 2.22 um. The enzyme-RNA mixtures 
were incubated at 37° for 30 minutes before the addition of ADP. 
Reaction volume was 3.0 ml, temperature 37°, reaction time 20 
minutes. 
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Fic. 4. Time course of the synthesis of Poly A with different 
concentrations of yeast RNA. The reaction mixtures contained 
1mm ADP (Pabst), 1 mm MgCle, 0.2 m KCI, 0.017 m Tris, pH 9.0, 
polynucleotide phosphorylase from M. lysodeikticus, E-143-3b 
(€280 my tO €260 my, ratio = 1.6), and varying concentrations of yeast 
RNA. The enzyme was incubated with or without yeast RNA 
for 30 minutes at 37° before the addition of the substrate. The 
reaction volume was 15 ml; 2-ml aliquots were removed at varying 
intervals for determination of P; released. Temperature of the 
reaction was 37°. Curve a, 15.5 um RNA-P; Curve b, 30.7 um 
RNA-P; Curve c, 153 um RNA-P. 
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presence of several concentrations of yeast RNA that had been 
incubated with the enzyme for 30 minutes. At the very high 
concentrations of yeast RNA (0.153 mm) the substantial inhibi- 
tion of the enzyme was accompanied by an approximately linear 
production of synthetic polymer. A 10-fold dilution of the RNA 
(15.5 uM) still produced substantial initial inhibition but this 
was rapidly overcome during the subsequent 60 minutes of the 
reaction time. In general, inhibition by RNA was not com- 
pletely overcome during the polymerization reaction unless the 
concentration of RNA was sufficiently low. This is consistent 
with the effects of RNA on the kinetic constants for the sub- 
strate, ADP. 
DISCUSSION 

Inhibition by bacterial RNA of the phosphorolysis of Poly A 
and polyinosinic acid was first reported by Grunberg-Manago, 
Ortiz, and Ochoa (18). Subsequently, Warner (19) observed 
inhibition of the phosphorolysis reaction resulting from the for- 
mation of double or triple stranded helices of Poly A and poly- 
uridylic acids. The specificity of inhibition of the polymeriza- 
tion reaction was later described by Mii and Ochoa (1) and 
Singer, et al. (2) with the A. vinelandii polynucleotide phosphory]- 
ase preparations. The synthesis of polycytidylic acid is inhibited 
by polyadenylic, polyuridylic, and polyinosinic acids. One 
possible mechanism of such specific inhibition is the formation 
of complexes of homopolymers such as those described by 
Warner. Such a mechanism has also been proposed by Grun- 
berg-Manago (20) to account for the failure of polynucleotide 
phosphorylase of A. vinelandii to phosphorolyze yeast RNA. 

The inhibition described in this paper appears to be different 
from that related to the formation of multiple stranded complexes 
of the polynucleotides. An indispensable feature of the inhibi- 
tory polynucleotide is the presence of a terminal phosphate group 
on or adjacent to the terminal 3’-hydroxyl group of the ribose 
moiety. The evidence for this includes the production of ex- 
tremely potent inhibitors by transient treatment of Poly A with 
pancreatic RNase and the abolition of the inhibitory character 
by the removal of terminal phosphate groups with alkaline phos- 
phatase of E. coli. The inhibition by commercial RNA is 
probably a reflection of the presence of 3’ and possibly 2’-phos- 
phate groups produced as a result of the alkaline extraction 
methods for preparing the material. 

The extent of inhibition by yeast RNA appears to be a func- 
tion of the composition of the polynucleotide preparation. The 
failure to obtain 100% inhibition at high concentrations of RNA 
may result from the competitive nature of the activators and 
inhibitors present. Further degradation of yeast RNA by RN- 
ase effectively decreases the maximal possible inhibition by the 
RNA preparation. This suggests that with the fragmentation 
of the longer chain either the fragments are unable to inhibit 
the enzyme or they are activators. 

The inhibition-activation phenomena can be best accounted 
for by a competition between inhibiting and activating poly- 
nucleotides, the latter serving as substrate. All of the experi- 
mental data described above are consistent with this hypothesis. 
The nucleotide diphosphate substrate is not directly involved in 
this competition except as it may supply as a contaminant- 
activating material or may affect the concentration of primers 
synthesized de novo. It is most likely that activators are in- 
corporated into the newly synthesized polymer as had been shown 
by Heppel et al. (2, 21) with oligonucleotides. 
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The activation process by Poly A with ADP as the substrat, 
is accompanied by no apparent change in the maximal velocity 
constant and by a decrease in the Michaelis constant. This 
system is kinetically indistinguishable from a duosubstrate 
system. The decrease in Michaelis constant for ADP with jp. 
creasing activator (Poly A) concentration is consistent with , 
simple mass action relationship between the two components of 
the reacting system, ADP and the activator. 

The state of purification of the enzyme may determine the 
sensitivity of polynucleotide phosphorylase to either activators 
or inhibitors if the observed kinetics are a function both of the 
total quantity of polynucleotide material in the enzyme prep. 
aration and of the composition of this material. In view of the 
extremely low concentrations of polynucleotide material capable 
of effecting the kinetics of the enzyme-catalyzed reaction, it js 
apparent that the purity of the enzyme expressed in terms of per 
cent RNA contaminant (measured by €2g0 my tO €260 my Tatios or 
by analytical methods) is meaningless. Indeed, the extremely 
low concentrations of polynucleotide capable of influencing the 
action of polynucleotide phosphorylase emphasize the dilemma 
confronting us in evaluating the relative or absolute importance 
of primers or templates. 

Comparative studies of B. subtilis and M. lysodeikticus poly- 
nucleotide phosphorylase, in which purification methods have 
been comparable, demonstrate with both enzymes the same de- 
pendency on the inhibitory and activating effects of polynucleo- 
tides. The failure of Singer, et al. (21) to observe inhibition of 
A. vinelandii polynucleotide phosphorylase by commercial yeast 
RNA under conditions comparable to those described in this 
paper may reflect either the protective effect of endogenous 


RNA in the Azotobacter enzyme preparation or the similarity of | 


the inhibitory and activating composition of commercial yeast 
RNA and the RNA contaminant in the A. vinelandii enzyme 
preparations as compared with those observed with M. lyso- 
deikticus enzyme preparation. 


SUMMARY 





The polymerization reaction catalyzed by polynucleotide | 


phosphorylase from Micrococcus lysodeikticus and Bacillus sub- 
tilis is inhibited by » variety of polynucleotides (extensively 


degraded yeast ribonucleic acid, partial alkaline or ribonuclease. | 


degraded polyadenylic acid, and high molecular weight poly- 
adenylic acid). Prior incubation of the enzyme with the in- 
hibitor is required. This inhibition is abolished by extensive 
alkaline or enzymic degradation and by removal of the terminal 
phosphate groups of the polynucleotides. The maximal inhibi- 
tion with yeast ribonucleic acid is 70%, but is decreased by 
ribonuclease digestion to 15%. Ribonuclease-treated poly- 
adenylic acid causes 100% inhibition. 
tion is nonlinear in the presence of the inhibitors. With 1 mv 
adenosine diphosphate, 50% inhibition can be obtained with as 
little as 0.1 um yeast ribonucleic acid and 18.6 uM ribonuclease- 
treated polyadenylate. Increasing the substrate concentration 
increases the concentration of polynucleotide required to pro- 
duce 50% inhibition. 


a 
The same polymerization reaction is accelerated by unidenti- | 


fied nucleotide derivatives obtained from various commercial 
adenosine diphosphate preparations, by adenylic tetranucleotide 
and adenylic pentanucleotide and by phosphatase-treated com- 
mercial yeast ribonucleic acid and ribonuclease-treated poly- 
adenylic acid. It is also stimulated by commercial yeast ribo- 
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nucleate and undegraded polyadenylate provided that (a) the 
enzyme is not incubated with the polynucleotide material before 
the polymerization, and (6) the salt concentration of the reac- 
tion mixture is high (0.5 m) or very low. The activators partially 
or completely reverse the inhibition by the inhibitory polynucleo- 
tides. The degree of activation varies with the extent and kind 
of enzyme purification. The concentration of activator required 
to produce 50% of maximal activation increases with the concen- 
tration of the substrate, but the maximal per cent activation re- 
mains constant. 

Polynucleotide inhibitors increase, and activators decrease, 
the Michaelis constant for adenosine diphosphate. The evi- 
dence suggests that the maximal velocity constant is not changed 
by the presence of activators, or inhibitory polyadenylate, but 
is decreased by yeast ribonucleate. 

It is concluded that the inhibitors compete with primers or 
activators for the active enzyme site. To be inhibitory, a poly- 
nucleotide must be above a minimal molecular weight and must 
contain phosphate groups on or adjacent to the 3/-position of 
the terminal ribose moiety. The activators constitute one of 
two components in a duosubstrate system. Essential for the 
activating property is a free 3’-hydroxyl group on the terminal 
ribose moiety. This permits their incorporation into the prod- 
uct of the polymerization reaction. 
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Imidazolytic Processes 


IV. ENZYMIC FORMATION OF TRIPHOSPHOHISTAMINE NUCLEOTIDE* 
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It has been reported (2-5) that certain imidazoles, including 
5-amino-4-imidazolecarboxamide and histamine, interact with 
diphosphopyridine nucleotide in the presence of a soluble, purified 
beef spleen diphosphopyridine nucleotidase (6); also that washed 
stroma preparations of rabbit erythrocytes catalyze the hydro- 
lytic breakdown of both diphospho- and triphosphopyridine 
nucleotide (7-9). Hofmann (10) solubilized the rabbit erythro- 
cyte enzyme(s) by methods similar to the ones previously applied 
in the solubilization of the beef spleen diphosphopyridine nu- 
cleotidase (6) and resolved his soluble preparations into two 
separate entities, one specific for diphosphopyridine nucleotide 
and one for triphosphopyridine nucleotide. 

It was of interest to investigate whether beef spleen prepara- 
tions, namely washed suspensions from homogenates and the 
soluble partially purified enzyme (6), showed any differences in 
their respective activities towards DPN and TPN. It was also 
desirable to study the possibility of a participation of TPN in 
histaminolytic processes. Evidence presented in this communi- 
cation does not support the idea of two separate enzymes in the 
partially purified beef spleen preparation. Further, it is shown 
that TPN reacts with histamine as well as or even better than 
DPN, according to Reaction 1: 


Ng 1 
TPN* + histamine —CENaee_, 


triphosphohistamine nucleotide + nicotinamide + H* 


(1) 


Triphosphohistamine nucleotide, the histaminolytic product of 
this reaction, has been isolated in relatively pure form and char- 
acterized. 


EXPERIMENTAL PROCEDURE 


Materials and Methods—Suspensions of washed particles from 
beef spleen homogenates and soluble, purified beef spleen DPN- 


* A preliminary report of this work has appeared (1). This 
investigation was partly supported by Grant No. G-7644 from the 
National Science Foundation, Washington, D. C.; Grant E-2436 
from the National Institute of Allergy and Infectious Diseases, 
National Institutes of Health, United States Public Health Serv- 
ice; and Grant No. P-241 from the American Cancer Society, 
Inc. Publication No. 20 of the Department of Biochemical Re- 
search, Mount Sinai Medical Research Foundation. 

+ This work is part of material to be submitted by A. Abdel- 
Latif in a dissertation in partial fulfillment of the requirements 
for the Ph.D. degree to the Graduate School of the Illinois Insti- 
tute of Technology. 

1 Nomenclature used in this paper is the same as used previ- 
ously (4) at the suggestion of the Editors of the Journal of Bio- 
logical Chemistry. Triphosphohistamine nucleotide is P'(5’)ribo- 
svlhistamine-P2-(5’)2’-phosphoribosyladenine pyrophosphate. 


ase were prepared by methods previously described (4, 6). The 
sources of alcohol dehydrogenase, nucleotide pyrophosphatase, 
and 5’-nucleotidase used in these studies were the same as pre. 
viously (4). Isocitric dehydrogenase was purchased from the 
Sigma Chemical Company. TPN, DPN, DPNH, deamino. 
*DPN, diphosphoribose nucleotide (ribose-P-AMP), ATP, ADP, 
AMP, IMP, adenosine, and inosine were products of the Pabst 
Laboratories. Barium dl-isocitrate was prepared from trichloro- 
methylparaconic acid (11) as previously described (7). TPN 
was determined by the isocitric dehydrogenase method (12) or 
as the cyano derivative (2, 13). Histamine (free base) and 
histamine dihydrochloride were Fisher reagents. Histamine de. 
tection and determinations (4), chromatography on Dowex | 
X10-Cl columns (14), ascending paper chromatographic technies 
(references in (2)), paper ionophoresis, and detection of spots of 
imidazoles, purines, and pyrimidines on paper were performed 
by methods previously described (references in (4)). 

Incubation Experiments—In kinetic experiments, the materials 
were incubated in test tubes at 38° for 15 minutes. The 1-nl 
samples contained 40 umoles of sodium pyrophosphate buffer, 
pH 8.4, DPNase (1 unit), and substrate in concentrations vary- 
ing from 0.06 mm to 0.3 mm for DPN and from 0.07 mm to 05 
mM for TPN. At the end of the incubation period, 6 ml of 2 
sodium cyanide solution were added to each tube, the contents 
were mixed, and readings were taken in the Beckman model DU 
spectrophotometer at 327 my in quartz cuvettes with a l-cm 
light path. 

In experiments with histamine, small scale and preparative 
incubations were carried out under conditions identical with 
those previously described (4). The progress of formation oi 
triphosphohistamine nucleotide during incubation was followed 
by the apparent disappearance of ribose as determined by the 
orcinol method (15). This disappearance of ribose was because 
of the formation of the histamine-ribose bond, resistant to acid 
hydrolysis (4). 


RESULTS 

Comparative Action of DPNase on DPN and TPN—As shown 
in Fig. 1, beth DPN and TPN are hydrolyzed in the presence of 
either a washed suspension of particles from beef spleen homoge- 
nates or the soluble, partially purified enzyme (6). However, 
TPN is cleaved at approximately one-half the rate of the DPN 
cleavage (Fig. 1). The rate of breakdown of either substrate 
is influenced to a certain extent by the kind of buffer utilized. 
Thus, the highest rate was observed in Tris-HCl buffers. Whea 
potassium phosphate or sodium arsenate were used, the rates 0 
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Fig. 1. Dependence of substrate (DPN or TPN) consumption 
on the enzyme (DPNase) concentration. The incubation mix- 
tures (1 ml) were buffered with 0.2 m Tris-HCl, pH 8.1. The 
initial substrate concentration was 8 X 10-‘ m. Suspensions of 
washed particles from beef spleen homogenates had a specific 
activity of 4 (1.3 mg of protein per ml). The purified preparation 
had a specific activity of 21. In the controls, substrates were 
omitted. At the end of the incubation period (15 minutes at 
38°) 6 ml of 2 m sodium cyanide was added to each sample and 
readings were taken at 327 my (see text). 


breakdown were similar but somewhat lower than the rates ob- 
served in Tris-HCl. The lowest rates were observed in sodium 
pyrophosphate buffers (see Fig. 2). 

As shown in Table I, the Michaelis constant for the break- 
down of DPN is approximately the same when determined for 
either the suspension or the partially purified enzyme. The same 
is true for the breakdown of TPN. On the other hand, the 
affinity of the enzyme for either DPN or TPN is approximately 
the same, despite differences in the rate of breakdown of the 
two substrates (Table I). 

Other Studies with Partially Purified DPNase—No liberation 
of P; was observed during a 30-minute incubation of TPN (2 
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Fic. 2. Dependence of substrate (DPN or TPN) consumption 
on the type of buffer used. The enzyme was a partially purified 
preparation of specific activity 21. The incubation mixture was 
buffered with Tris-HCl (0.2 m, pH 7.7) or sodium pyrophosphate 
(0.05 m, pH 8.4). Other conditions as in Fig. 1. 


mmoles) with DPNase (6 units) at 38°, pH 8.1 (Tris). When 
nicotinamide (0.1 M, final) was included in such mixtures, there 
was complete protection of TPN (isocitric dehydrogenase). 
These experiments showed that the partially purified DPNase 
was free of phosphatases, pyrophosphatases, or other enzymes 
that might degrade TPN in a manner different than that of 
hydrolysis of the nicotinamide-ribose bond. 

The feasibility of a histaminolytic breakdown of TPN was 
shown in experiments in which histamine (1 M, final concentra- 
tion) and TPN were incubated together in the presence of par- 
tially purified DPNase (6). Conditions were similar to those 
described in the legend of Fig. 3. Appropriate controls (either 
histamine, TPN, or DPNase omitted) accompanied the experi- 
ments. Less than 60% of the ribose present at zero time could 
be detected at the end of the incubation period in “Experimental 
Procedure” by the orcinol procedure (15). This was because of 


TaBLeE I 
Michaelis constants for hydrolytic breakdown of DPN and of TPN in presence of beef spleen DPNase 
The enzyme was either a suspension of washed particles from beef spleen homogenates (1.25 mg of protein per ml) or a soluble, 


partially purified DPNase (6) (2.6 mg of protein per ml, specific activity, approximately 30). 


Incubation mixtures (1 ml) were buffered 


either with 0.2 m Tris-HCl, 0.04 m sodium pyrophosphate, 0.2 m potassium phosphate, or 0.4 M sodium arsenate. The initial substrate 
concentration (DPN or TPN) varied from 0.05 to 0.5 mm. At the end of the incubation (15 minutes at 38°), 6 ml of 2 m sodium cya- 
nide were added, and readings were taken at 327 mu. The Michaelis constants were calculated from the regression lines of 1/s against 


1/V plots (16) by the method of least squares. 

















Suspension Purified enzyme 
Buffer pH 
DPN TPN DPN TPN 
Km X 10** Km X 104* 
Mo ke re | 4.3 (16) 0.09 2.9 (9) 0.09 3.9 (8) 0.02 2.1 (16) 0.01 
Sodium pyrophosphate............ 8.4 2.9 (15) 0.10 2.7 (14) 0.06 2.1 (13) 0.18 1.2 (12) 0.14 
Potassium phosphate.............. 7.0 1.7 (8) 0.02 3.6 (8) 0.03 1.7 (8) 0.03 0.9 (9) 0.02 
Sodium arsenate. ................. 7.0 3.1 (8) 0.03 | 3.8 (8) 0.02 2.6 (8) 0.08 1.3 (8) 0.09 








* Of the three figures in each group, the first represents the actual constant, the figure in parentheses indicates the number of ex- 
perimental points utilized for the calculation, and the third figure is the mean square deviation from the regression line. 
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Fic. 3. Dependence of yield of triphosphohistamine nucleotide 
on concentration of histamine. The reaction mixture (0.1 ml) 
contained 20 wmoles of 0.2 m (with respect to pyrophosphate) 
sodium pyrophosphate-phosphoric acid buffer, pH 8.35; 1.1 umoles 
of TPN; 3 units of DPNase; and histamine at quantities indi- 
cated on the abscissa. The ratio of free histamine to its dihy- 
drochloride was 1.08 in all cases. The pH of the mixture at zero 
time was 8.20 and remained almost constant during the experi- 
mental period (4 hours, 38°). Appropriate controls (omission of 
TPN, DPNase, or histamine) accompanied the experimentals at 
all histamine concentrations. The reaction was stopped by addi- 
tion of 1 N HCl to pH 1.0 at 0°. Yields of triphosphohistamine 
nucleotide (imidazolysis) and of P!(5’)ribose-P2?-(5’)2’-phospho- 
ribosyladenine pyrophosphate (hydrolysis) were calculated on 
the basis of total TPN utilization (isocitric dehydrogenase) from 
the apparent decrease of ribose initially detectable by orcinol 
(see ‘‘Materials and Methods’’). - 


formation of the histamine-ribose bond, resistant to acid hydroly- 
sis (5). 

Dependence of Yield of Triphosphohistamine Nucleotide on Con- 
centration of Histamine—Results from experiments in which the 
concentration of histamine varied are shown in Fig. 3. Even 
at concentrations of histamine as low as 0.04 m, the yield is 
appreciable. An almost 100% conversion of TPN to triphos- 
phohistamine nucleotide was achieved at a histamine concentra- 
tion of 0.75 m. At this level, 1 mole of histamine competes 
with approximately 70 moles of water (4). 

Preparative Experiments—In a typical case, 4000 wmoles of 
histamine, composed of 1910 umoles as the dihydrochloride and 
2090 uwmoles as the free base (4), were added to 5 ml of a mixture 
containing 200 mm Tris-HCl, pH 8.1, 300 mm sodium pyrophos- 
phate-HCl, pH 8.35 (4), and 125 mm TPN. The pH of this 
mixture was 7.85. The reaction (at 38°) was started by addi- 
tion of 500 units of DPNase in powder form (4). Although 
approximately 90% of the TPN originally added was utilized 
(4) in 4 hours, incubation with shaking was continued for an 
additional 4-hour interval. At the end of the experimental 
period, the TPN content was about 5 mo (isocitric dehydrogen- 
ase), and the pH was 7.32. Prolongation of the incubation 
period undoubtedly contributed to reduction of the final yield 
of the isolated histamine dinucleotide (see below). The yield in 
the incubation mixture, based on determinations of ribose by 
the orcinol method (4), was 80% 


Isolation of Triphosphohistamine Nucleotide and Analytical 


Imidazolytic Processes. 


IV 


Data—At the end of the incubation period, the mixture was | 
chilled in ice and 0.7 ml of 80 % trichloroacetic acid was addej | 
to give a pH of 1.75. Precipitated proteins were removed by, 
centrifugation, and the supernatant was passed through a 21. 
x 16-cm Dowex 1-Cl column and followed by water. Washing 
with water continued until the pH of the effluent rose to aboyt 
pH 5.0, and its absorbancy at 220 my and 260 my dropped ty 
values below 0.100 and 0.025, respectively (about 600 ml). The | 
column was then washed with 0.001 n HCl until the pH of the 
effluent dropped to 3.4 and its absorbancy at 220 and 260 my ' 
dropped to values below 0.010 (about 700 ml). The eluent was 
then changed to 0.002 nN HCl. Triphosphohistamine nucleotide | 
appeared in the effluent when the pH dropped to 3.0. Elution | 
was completed when 360 ml were collected. The pH of this | 
fraction was 2.9, and it contained approximately 33 ymoles of| 
triphosphohistamine nucleotide. The fraction was lyophilized, 
Preliminary ionophoretic and chromatographic studies on paper 
indicated that, in addition to triphosphohistamine nucleotide, 
the dried material contained an impurity identifiable by ultra. 
violet light. After isolation (see below), this impurity was 
shown to contain adenine and esterified phosphorus in a ratio of 
1:3. Its movement in electrophoresis, compared to the move. 
ments of ribose-P-AMP, ADP, ATP, ete., concurred with its) 
tentative identification as P'(5’)ribose- P2(5/)2!- phosphoribosy!. | 
adenine pyrophosphate, (i.e. ribose-PP-ribose(P)-adenine). It! 
was probably derived from triphosphohistamine nucleotide after 
elution from the Dowex 1-Cl column. This conclusion was 
based on the expectation that the above mentioned compound 
would normally be eluted with acids of much higher concentra. 
tion (probably above 0.007 n HCl (2)). 

To remove this and other possible impurities, the dry powder 
was dissolved in a small volume of water and applied on two | 
sheets of prewashed (4) Whatman No. 1 paper, 57 cm long x 42| 
em wide. After chromatography overnight in ethanol-0.1 x| 
acetic acid (1:1), the strips of paper corresponding to triphos- | 
phohistamine nucleotide and the impurity (see Rr values in 
Table III) were made visible and cut off under ultraviolet illuni- 
nation, and the compounds were eluted from the strips with | 
water. The eluates were lyophilized, and the triphosphohista- 
mine nucleotide was used to obtain the analytical data listed in | 
Table II. 

In paper ionophoretic studies (Fig. 4), the movement of tr- 
phosphohistamine nucleotide was minimal in the range between 
pH 2.1 and pH 3.4 (Fig. 4, J and IJ). In this range, it would ; 
be expected that the negative charges of the two pyrophosphate 
groups (pK’ values below 1.0 and 2.0 for the two successive | 
ionizations) and of the phosphate radical esterified at position | 
2’ of one of the ribose moieties (pK’ below 2.0) would approxi- 
mately balance the positive charges of the aliphatic amine and | 
the imidazole ring of the histamine moiety (pK’ values, 9.7 and | 
5.2, respectively) and the positive charge of the 6-amino group 
of adenine (pK’ about 4.0). The actual pK’ value for the proto- 
nation of the imidazole group in triphosphohistamine nucleotide 
can be approximated (4) as 5.2 from the run at pH 5.5 (III, 
Fig. 4).2 A necessary assumption for this calculation, imposed 


2 The uncorrected value for this pK’ would be 5.4. Correction 
was brought about by assuming that the per charge movement of | 
TPN would be slower than the per charge movement of DPN in 
proportion to the molecular weight of the two compounds. The 
same type of correction would reduce the pK’ for the second dis: | 
sociation of the 2’-phosphate in TPN to 5.8. 
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TaBLeE II 
Analytical data on triphosphohistamine nucleotide 
Values per umole of 
Constituent a —— and adeninet 
Calculated Found 
Riboset (15) (umoles) 1.00 1.2 
Periodate consumption} (17) (umoles) 1.00 0.94 
Total phosphorus (18) (uatoms) 3.00 3.40 
Inorganic phosphorus | (19) (uatoms) 0.00 | 0.00 
Aliphatic amines Ninhydrin (20) (in | positive | positive 
chromatograms) 
| Free histamine Ultraviolet, 220: 260 0.00 0.00 
my (4) 
Free histamine Colorimetrically (4) 0.00 0.00 





—— 


* The numbers in parentheses indicate references. 

+The sample used in these studies was repurified chromato- 
graphically (see text). The eluate from paper was lyophilized 
and redissolved in water. The adenine content of this solution 
(7.15 mm) was determined from its ultraviolet absorption at pH 
2.0 (e237 = 14,700). All other values were expressed as micromoles 
or microatoms per ywmole of adenine. The adenine value obtained 
from spectrophotometric readings at pH 2.0 (e257 14,700) was in 
good agreement (0.96:1.00) with the value obtained at pH 7.0. 

t Hydrolyzable under the conditions of the test (4, 15). 


by the lack of ideal controls, was that the presence of an addi- 
tional phosphate radical in TPN or the triphosphohistamine 
nucleotide would not change greatly the per charge distance 
covered by these compounds, as compared to the per charge 
distance covered by DPN, DPNH, or the diphosphohistamine 
nucleotide. The relative movements of DPNH and of TPN 


| with respect to DPN at pH 3.4 (Fig. 4, IJ) and the pK’ value 


(6.2) for the second dissociation of the 2’-phosphate in TPN 
(calculated from the relative movements in Fig. 4, JJJ) justify 
this assumption. 

In paper chromatographic studies, triphosphohistamine nu- 
cleotide moved as a single spot in all systems utilized. Its 
movement, in all instances, followed that of TPN (Table III). 

The structure of the new dinucleotide was further explored 
with the aid of enzymes. Triphosphohistamine nucleotide, 4 
umoles, was incubated with 6 units of nucleotide pyrophosphatase 
(23) in the presence of 12 wmoles of Tris-HCl, pH 8.4, at 38° 
for 1 hour in a volume of 0.8 ml. At the end of the incubation, 
1 nv HCl was added to a pH of about 2.0. TPN (4 umoles), 
treated in exactly the same manner, served as a control. During 
incubation, there was liberation of small amounts of P; (19) in 
both the experimental and the control, corresponding to less 
than 15% of the total (18). At the end of the incubation, about 
20% of the TPN added originally in the control was left intact 
(isocitric dehydrogenase), whereas there was very little change 
in the “eyanide value” (4, 13). The volume of the acidified 
incubation mixture was reduced by lyophilization, and it was 
utilized in ionophoretic studies at pH 5.3 and 5.1, as shown in 
Fig. 4, IV and V. Localization of the areas containing free 
aliphatic amino groups was achieved by the ninhydrin method 
(20), applied on a narrow strip cut off alongside each paper used 
in the ionophoretic experiment. The rest of this material was 
eluted from the paper with water and analyzed. It contained 
4 substance absorbing ultraviolet light (€220 3200) and esterified 
phosphorus in a 1:1 ratio. Aliquots containing 0.3 umole of the 
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eluted material were further incubated at 38° for 1 hour along 
with 3 umoles of MgCl, and 8 wmoles of Tris-HCl, pH 8.4, in 
the presence or absence of 5’-nucleotidase (10 units) (24). It 
was observed that at the end of the incubation 95% of the esteri- 
fied phosphorus was liberated. These studies show that one of 
the products of the action of nucleotide pyrophosphatase upon 
triphosphohistamine nucleotide is ribosylhistamine 5’-phosphate, 
identical to the sample previously isolated from diphosphohista- 
mine nucleotide (4). The other identifiable product of this 
reaction behaved analytically as ADP, but it moved faster than 
authentic ADP in the ionopherogram at pH 5.1 (Fig. 4, V). 
This was because of the expected differences in the dissociation 
constants between ADP and 2’,5’-ADP. Lack of the proper 
control (IDP) prevented a quantitative estimation of these differ- 
ences. Small quantities of intact triphosphohistamine nucleotide 
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Fig. 4. Relative positions of triphosphohistamine nucleotide 
and other compounds in paper ionopherograms. Conditions as 
described previously (4). The length of the bars corresponds, on 
scale, to the actual spot length, whereas the pointed end (if any) 
indicates the direction of the movement. Spots were applied 
along the dotted (middle) line. In ionopherograms IV and V 
material from incubation mixtures was applied in a continuous 
fashion along the middle line. The numbers in parentheses cor- 
respond to: 1, ATP; 2, DPNH; 3, DPN; 4, TPN;; 6, triphospho- 
histamine nucleotide; 6, ADP; 7, 3’-AMP; 8, inosine; 9, nicotinam- 
ide; 10, AMP; 11, 2’,5’-ADP; 12, 5’-phosphoribosylhistamine. 














TaBLe III 
Ry values* from paper chromatograms (at about 25°) 
Systemt 
Compound 
A B c D 
ji, CP REE eared rele 8 0.52 | 0.73 | 0.19 | 0.28 
Triphosphohistamine nucleotide......| 0.57 | 0.89 | 0.21 | 0.31 
WTI os 83 hee Rok eeN 0.73 0.63 | 0.43 
PP oe 5. shs0 sages rains Mirko eR eee 0.56 | 0.78 | 0.15 | 0.33 














* Rr values reported in this table were calculated from the 
upper end (head) of the spots. 

+ A = 0.1 M acetic acid, 50 ml-ethanol, 50 ml (21); B = isoamyl 
alcohol, 60 ml-5% K:HPO, 90 ml. (22); C = isopropanol, 195 
ml (concentrated)-HCl (specific gravity 1.18), 51 ml-H.O, 54 ml; 
D = n-propanol, 60 ml-0.05 m acetic acid, 40 ml. 

¢ Probably, P!(5’)ribose-P2(5’)2’-phosphoribosyladenine pyro- 
phosphate. See text. 
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and of AMP were also identified among the products (Fig. 4, 7V anions upon the spectral characteristics of DPN. No evideng! 19, Low 





and V). No attempt was made to determine the position of the could be obtained that histaminolysis of either substrate (i, (1 
esterified phosphorus in this AMP, which probably was derived DPN or TPN) proceeds at a different rate. Also, the inhibitor, 7: F Ch 
from the action of a contaminant phosphatase (4) on 2’,5’-ADP _ effect of large concentrations of histamine (4) is less pronounce) 9). ZAT? 
(see above). All the above results are in harmony with the when TPN is the substrate of histaminolysis (Fig. 3). *"  M 
following reaction sequence: The possibility of an occurrence in vivo of histaminolytic pro. 22. Car 

esses was indicated recently by observations on the protectiy. 23: Kor 


nucleotide 


Triphosphohistamine nucleotide —paplinaalant (H.0)” @) 





7. 5/- 


ADP + 5’-phosphoribosylhistamine 


5’-nucleotidase _ 
(HO) (3) 


P;+ + ribosylhistamine 


5’-Phosphoribosylhistamine 





The ultraviolet absorption spectra of triphosphohistamine nu- 
cleotide, of histamine, and of AMP at pH 2.0 and at pH 7.5 are 
practically identical with those of diphosphohistamine nucleo- 
tide reported previously (4). The observations (8, 4) that ribo- 
sylhistamine derivatives react with diazotized reagents were 
confirmed in experiments with triphosphohistamine nucleotide. 
The yellow color produced durimg reaction of diazotized p-bromo- 
aniline with triphosphohistamine nucleotide was utilized as an 
additional method of identification of the latter compound on 
paper. 


DISCUSSION 


The evidence presented in this paper does not support the view 
that specific DPNases, as distinguished from TPNases, exist in 
the beef spleen. If this were the case, significant changes in the 
relative activities of the two enzymes might have occurred at 
various stages of the purification. No such changes have been 
observed so far. Inasmuch as further purification of the par- 
tially purified preparation might reveal such differences, the 
possibility of the existence of two separate entities in beef spleen 
is not excluded by the present study. 

The rate of hydrolytic breakdown of DPN is almost twice as 
fast as the rate of the hydrolytic breakdown of TPN under the 
same conditions of enzyme and substrate concentration (Fig. 1). 
Also, this ratio remains approximately constant in the homoge- 
nate and in the purified preparation, and no significant differ- 
ences were observed when various buffers were utilized. How- 
ever, the affinity of either DPN or TPN for the enzyme, as 
judged by the corresponding Michaelis constants, is not signifi- 
cantly different in the various preparations from beef spleen 
studied so far. Nor is the affinity influenced appreciably by the 
type of buffer utilized in the experiment. But, as a rule, the 
scattering of the points about the line in Lineweaver-Burk plots 
was the greatest when pyrophosphate was used as the buffer 
(see Table I). This together with the lower rates of breakdown 
of either DPN or TPN in pyrophosphate-buffered media (Fig. 2) 
were the only indications of possible interference of this substance 
with the function of the DPNase. The above results may indi- 
cate that the final hydrolysis of the intermediate in which nico- 
tinamide is replaced by the enzyme in the molecule of the coen- 
zyme (25) occurs with different speed, depending on the 
substrate. This view becomes more probable considering recent 
observations (26) on the influence of phosphates and other 


effect of nicotinamide on the damage of rat mast cells as a resyt 
of an antigen-antibody reaction (27). With this consideratio, 
in mind, the present finding that TPN may undergo histaminoly. 
sis in vitro at a rate comparable to or faster than the rate af 
histaminolysis of DPN is of particular interest. 

The ease with which the histaminolytic product of TPN may 
be isolated in practically pure state in a single step (see “Re 
sults’) makes TPN a better starting material than DPN {fo 
the preparation of ribosylhistamine 5’-phosphate, etc., if absence 
of free histamine is desired. 


SUMMARY 


There are no significant differences in the Michaelis constants 
for the hydrolysis of either diphosphopyridine nucleotide or tr- 
phosphopyridine nucleotide in beef spleen homogenates and in 
soluble, partially purified preparations of diphosphopyridine nu-| 
cleotidase. However, the rate of hydrolysis of diphosphopyr. | 
dine nucleotide is approximately twice that of triphosphopyridine 
nucleotide. The latter undergoes histaminolysis at rates similar 
to or faster than does diphosphopyridine nucleotide. The hista- 
minolytic product, triphosphohistamine nucleotide, has been | 
isolated, and its structure and properties have been studied. 
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Previous work shows that replacement of the nicotinamide 
moiety of nicotinamide adenine dinucleotide with other substi- 
tuted pyridines leads to a useful series of analogues of this 
coenzyme (3, 4). The present communication describes the 
preparation and properties of a different series of analogues ob- 
tained by systematic modification of the adenine moiety of NAD. 
The only adenine-modified analogue previously described is 
nicotinamide hypoxanthine dinucleotide, which can be prepared 
from NAD by either chemical (5) or enzymatic deamination (6). 
This compound shows widely varying ability to function as a 
coenzyme in a series of enzymatic dehydrogenations (7) and, 
after reduction, fails to exhibit spectrofluorometrically detect- 
able intramolecular energy transfer from the purine to the di- 
hydronicotinamide moiety, as is exhibited by NADH (8). 

To gain more insight into the role of the adenine nitrogen 
atoms of NAD in the coenzymatic and energy transfer capabili- 
ties of the molecule, N-alkylation has been undertaken: Ethyl- 
ene oxide was selected as the alkylating agent after earlier studies 
had revealed that under very mild conditions this agent readily 
hydroxyethylates tertiary heterocyclic nitrogen atoms but not 
hydroxy] groups (9, 10). 

The reactions of ethylene oxide with adenosine and with 
adenosine triphosphate were examined first, to serve as models 
for the hydroxyethylation of NAD and to compare the reactivity 
of primary and secondary phosphate groups to that of adenine. 
Stacey et al. have reported that in the reaction of nucleic acids 
with epoxides, the predominant reaction is the esterification of 


* Nicotinamide adenine dinucleotide (NAD) is used in this pa- 
per rather than diphosphopyridine dinucleotide (DPN). This 
nomenclature was suggested by the Editors of the Journal of Bi- 
ological Chemistry and follows the recent proposals of the Enzyme 
Commission of the International Union of Biochemistry and of the 
Biological Chemistry Nomenclature Commission of the Interna- 
tional Union of Pure and Applied Chemistry (see Dixon (1)). 
The new term is of value in this paper because it facilitates the 
naming of the analogues. 

This paper is Publication No. 118 of the Graduate Department 
of Biochemistry, Brandeis University, Waltham, Massachusetts. 
The work was supported, in part, by a grant from the National 
Cancer Institute, National Institutes of Health (CY-3611). A 
preliminary report has appeared (2). 

+ Postdoctoral Research Fellow of the National Institute for 
Neurological Diseases and Blindness, National Institutes of 
Health. 

Present address, Laboratory of Nutrition and Endocrinology, 
National Institute for Arthritis and Metabolic Diseases, National 
Institutes of Health, Bethesda, Maryland. 
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primary phosphate groups, with the formation of tertiary 
phosphate esters (11). We fail to confirm the latter finding. 
The hydroxyethylation of NAD was examined under acidic 
conditions and near neutrality, because Bredereck, Haas, and 
Martini have reported that the nature of the products obtained! 
in the methylation of adenosine is influenced by the pH value of. 
the alkylation (12). 


EXPERIMENTAL PROCEDURE 


Reaction Conditions—The procedure and apparatus for ey. 
posing aqueous solutions to ethylene oxide have been described! 
previously (10). In essence, solutions of reactants were main- 
tained within an enclosed glass vessel that had been flushed with | 
ethylene oxide and to which ethylene oxide gas was added 
manually as the gas and liquid phases came to equilibrium. The 
pH value of the reaction mixtures was maintained constant by 
the addition of standardized perchloric acid from an Amine 
motor-driven burette, used in conjunction with a Radiometer 
type TTT1la automatic triturator. Perchloriec acid was the acid 
of choice, since the perchlorate anion, unlike the anions of most 
common acids, does not react with ethylene oxide (13). 1 
increase the ethylene oxide concentrations of the reaction solu- 
tions, chilled liquid reagent was usually added to the aqueous 
solutions and the reaction was continued under an atmosphere oi 
approximately 90% ethylene oxide, as described (10). Whe 
the consumption of acid by the reaction mixtures ceased, the 
reactions were terminated by removing the large excess of 
ethylene oxide under vacuum. All reactions were conducted st 
room temperature. 

Paper Chromatography and Electrophoresis—All paper chrom:- 
tography was carried out on Whatman No. 1 paper with the 
descending technique. The following solvent systems wer 
employed. The proportions of solvents are based on volume 
unless otherwise indicated. (a) isobutyric acid-28% aqueou 
NH;-H,0, 66:1:33 (14); (6) 0.1 m potassium phosphate, pil 
6.8-solid (NH,)2SO,-1-propanol, 100:60:2 (volume per weight 
per volume) (14); (c) 1 m acetic acid adjusted to pH 3.8 with! 
M aqueous NH;-absolute ethanol, 2:5 (15); (d) 2-propanol-28% 
aqueous NH;-H.0O, 7:1:2; (e) 2-propanol-28 % aqueous NH+H,0, 
6:3:1; (f) 1-butanol-ethanol-5 n HCl, 3:2:2 (16); (g) 1-butand 
saturated with water; and (h) 1-butanol-acetic acid-H,0, 4:1: 
(17). 

Paper electrophoresis, by the Durrum hanging strip method 
(18), was performed with Whatman No. 1 paper and, for prepat®- 
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tive separations, Whatman No. E-17. The following buffers 
were employed at the pH values indicated: 0.02 m glycine-HCl, 
pH 2.4; 0.02 m potassium phosphate, pH 6.0; and 0.02 m sodium 
glycinate, pH. 9.9. A potential of approximately 13 volts per 
em was applied for 4 to 7 hours unless otherwise indicated. 

The following methods were used to detect compounds on 
the papers: (a) purine and pyridine derivatives by illuminating 
the papers with an ultraviolet Mineralight lamp fitted with a 
filter selective for short wave length light transmission; (6) P; 
and phosphate esters by the method of Bandurski and Axelrod 
(19); (c) nicotinamide by exposing the papers to CNBr and 
spraying with p-aminobenzoic acid (20); (d) quaternary nico- 
tinamide compounds by their fluorescence after spraying the 
papers with mM KCN (21); and (e) free ribose by the aniline 
phthalate procedure (22). 

Chemical Assays—Inorganic phosphate was determined by 
the method of Fiske and SubbaRow (23), ribose by the orcinol 
method of Mejbaum (24), and NAD (DPN) by enzymatic 
assay With crystalline yeast alcohol dehydrogenase (25). The 
standard incubation mixture (3 ml) contained the following: 
Tris, 0.8 mmole; ethanol, 2 mmoles; pyridine nucleotide, 0.4 
umole; and crystalline yeast alcohol dehydrogenase, approxi- 
mately 60 ug. NAD was determined as NADH by the increase 
in absorbancy at 340 my after incubation for 30 seconds at room 
temperature. 

Elemental analyses were performed by the Schwarzkopf 
Microanalytical Laboratories, or by the Scandinavian Micro- 
analytical Laboratory, Copenhagen. All pH values were de- 
termined by electrometric titration. 

Spectra—Spectra were obtained with a Cary recording spectro- 
photometer in the following solvents, unless otherwise indicated: 
0.1 n HCl, pH 1; 0.1 m potassium phosphate, pH 7; 0.1 m Na:- 
C03, pH 11; and 0.1 n NaOH, pH 13. 

Fluorescence Determinations—The fluorescence excitation 
spectra of NADH and NADH analogues were compared in 
aqueous buffer solutions (pH 10) as described by Weber (26) and 
by Shifrin and Kaplan (8). The instrument used was an Aminco- 
Bowman spectrophotofluorometer with an Osram xenon arc as 
the light source. 

Sources of Reagents—Adenosine, ATP, and NAD were prod- 
ucts of the Schwarz Laboratories, Inc. 2-Hydroxyethylphos- 
phate was prepared as the barium salt according to the procedure 
of Atherton, Openshaw, and Todd (27); the salt was converted 
tothe free acid by passage through a column of Dowex 50-H*. 
Crotalus adamanteus venom was a lyophilized preparation of 
pure venom purchased from Ross Allen’s Reptile Institute, 
Silver Springs, Florida. All dehydrogenases used were crystal- 
line preparations, and were purhased from C. F. Boehringer and 
Son, Mannheim, Germany, unless otherwise indicated. Pig 
heart malic dehydrogenase and lactic dehydrogenase from rabbit 
skeletal muscle were Worthington Biochemical Corporation 
preparations. Beef heart lactic dehydrogenase was crystallized 
according to Neilands (28) and was kindly supplied by Dr. R. 
McKay of this laboratory. 6-(2-Hydroxyethylamino) purine was 
prepared by the general method of Elion, Burgi, and Hitchings 
(29), as follows: a solution of 0.8 g of 6-chloropurine, 2.7 ml of 
ethanolamine, and 15.3 ml of methanol was heated in a sealed 
tube at 100° for 18 hours. On cooling, the product crystallized 
ftom this solution and was recrystallized from 25 ml of boiling 
water; yield, 605 mg (65% theory), m.p., 250-251°. 
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RESULTS 


Hydroxyethylation of Adenosine, Kinetics—Ethylene oxide 
and adenosine react slowly in aqueous solution with the net 
consumption of protons. At pH 6.5, acid consumption nearly 
ceases after 70 hours, when 0.96 mmole of acid have been added 
per mmole of adenosine. A linear logarithmic plot reveals 
that with a large excess of ethylene oxide, the reaction follows 
pseudo first order kinetics with a half-time of 13.3 hours. The 
consumption of acid suggests that hydroxyethylation of 1 of the 
3 ring nitrogens of the adenine occurs, since hydroxyethylation 
of the primary amino group alone would not involve a net uptake 
of protons. 

Isolation and Characterization of Ethylene Oxide-Adenosine 
Reaction Product—Adenosine (14 g) was suspended in 215 ml of 
chilled 8% aqueous ethylene oxide and the mixture was stirred 
for 4 days at room temperature in an atmosphere of approxi- 
mately 90% ethylene oxide. The pH value was maintained at 
6.5. The resulting clear solution was adjusted to pH 5.0 with 
HClO, and concentrated under vacuum at 50° to a pale yellow 
viscous syrup, which was dissolved in 200 ml of 100% ethanol. 
The ethanol solution was filtered and the product was precipi- 
tated as an oil by the slow addition of 500 ml of petroleum ether 
(boiling range, 25-38°). After standing overnight, the solvent 
was decanted and the oil, which had partially solidified, was 
dissolved in 200 ml of warm methanol. Petroleum ether (800 
ml) was slowly added to the methanol solution, and the product 
was precipitated as a syrup, which solidified to a granular mass 
upon standing overnight at —4°. The solvent was decanted 
and the granular mass triturated with 400 ml of warm absolute 
ethanol. A white powder precipitated and was recovered by 
filtration. Allowing the ethanol filtrate to stand at —4° for 
48 hours yielded additional precipitate (total yield, 12.7 g, or 
59% of theory; m.p., 171-173°). The product, 1-(2-hydroxy- 
ethyl)adenosine perchlorate (Compound III) (see Fig. 1) was 
crystallized from boiling absolute ethanol without change in 
melting point. 


Ci2HigN 5O0oCl; mol. wt., 411.76 
Calculated (%): C 35.08, H 4.41, N 17.00, Cl 8.60 
Found (%): C 35.05, H 4.62, N 17.02, Cl 8.49 


Analysis reveals that only one hydroxyethyl group has been 
added to the adenosine molecule. Hydrolysis of III in 1 Nn 
HCl for 1 hour at 100° released 1 mole of ribose, identified by 
its color in the orcinol reaction and by its mobility on paper 
chromatograms in Solvent Systems g and h. The spectral 
absorption maxima at 258 muy of III in acid (Table I) is much 
different from the maximum of adenine methylated at either 
N; (274 mu), Nz (272 my), or on the extranuclear amino group 
(267 my) (30), but is nearly the same as that of 1-methyladenine 
(259 my) (31). Titration of III from pH 2 to 11 reveals only one 
pK value, at approximately pH 8.3, which is the pK value for 
the loss of a proton from the amino group. The difference 
in pK value of 5 pH units between 3.5 for adenosine and 8.3 
for the 1-alkyl derivative is characteristic of the difference be- 
tween the pK of 2- and 4-amino pyridines and their quaternary 
l-alkyl derivatives (32). Further proof of the quaternary 
nature of III comes from its movement on paper electrophoreto- 
grams. At pH 6.0, III migrates toward the cathode and, at 
pH 9.9, has no net charge. 
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1-(2-Hydroxyethyl)adenosine accounts for over 80% of the 
product of the adenosine-ethylene oxide reaction as determined 
by spectral and chromatographic analysis of the reaction mix- 
ture. The compound is highly soluble in water, soluble in 
methanol, dimethylformamide and hot absolute ethanol, but not 
soluble in isopropanol, acetone, or acetonitrile. It appears to 
be stable for at least 2 weeks in cold dilute acid (pH 4). Boiling 
in normal acid for 1 hour liberates ribose, but the addition of 
AgNO; to the acid hydrolysate fails to yield any insoluble silver 
purine salt, such as is formed with adenine. When the solution 
of acid-hydrolyzed 1-(2-hydroxyethyl)adenosine is examined 
qualitatively for diazotizable amine by the method of Bratton 
and Marshall (33), a strongly positive test is obtained, suggesting 


that the pyrimidine ring has been cleaved by the strong acid to 
give an amino imidazole derivative as is known to occur in the 
case of 1-methyladenine (31). 

Rearrangement of 1-(2-Hydroxyethyl)adenosine in Alkali— 
When an aqueous solution of 1-(2-hydroxyethyl)adenosine 
perchlorate is made alkaline, a water-insoluble rearrangement 
product, 6-(2-hydroxyethylamino) -9-8-p-ribofuranosylpurine 
(Compound V) is slowly deposited from the solution. For 
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isolation, 1.0 g of 1-(2-hydroxyethyl)adenosine perchlorate in 40 | 
ml of H,O was adjusted to pH 11 with NaOH, then warmed in | 


a 60° water bath for 24 hours. 
tated. 
product collected by filtration and dried in a vacuum over P;0;; 
yield, 663 mg (83% of theory), m.p., 195-196°. 
was recrystallized from boiling water, with no change in melting 
point. 


C12Hi7N;0;-H:20; mol. wt., 329.32 
Calculated (%): C 43.80, H 5.82, N 21.30 


Found (%): C 43.90, H 5.53, N 20.7 


The location of the rearranged 2-hydroxyethyl group of V 
was determined by hydrolyzing it with acid followed by isola- 
tion and characterization of the new purine base, 6-(2-hydroxy- 
ethylamino)purine (Compound VI). 

6-(2-Hydroxyethylamino)-9-8-p-ribofuranosylpurine (875 me) | 
in 10 ml of 1 N H,SO, was heated in a boiling water bath for ! 
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precipitate overnight at 4°; it was collected by centrifugation, and 
washed in the centrifuge with 80 ml of 0.1 Nn H,SO, made 0.05 m 
in AgNOs. The silver salt was suspended in 50 ml of H,O and 
1.0 ml of 5 N HCl was added slowly with swirling. The suspen- 
sion was then heated in a boiling water bath to coagulate the 
AgCl, which was removed by filtration. The clear filtrate was 
adjusted to pH 8.5, chilled at 4° overnight and the precipitate 
collected by filtration. The product was recrystallized from 
boiling water and dried in a vacuum over P,O;; yield, 359 mg 
(69% of theory), m.p., 250-251°. 


C;HsN;O-H:0; mol. wt., 197.23 
Calculated (%): C 42.42, H 5.61, N 35.66 
Found (%): C 42.55, H 5.64, N 35.50 


The melting point and the ultraviolet absorption spectra in 
acid and alkali of this product and of 6-(2-hydroxyethylamino)- 
purine, prepared from 6-chloropurine and ethanolamine, were 
identical. 

The rearrangement of the 1-(2-hydroxyethyl)adenine to the 
6-(2-hydroxyethylamino)purine structure was observed under 
a wide variety of conditions of temperature and alkalinity; 
even at pH 9 and 4° a slow rearrangement occurs. Elevation 
of the pH value and the temperature accelerates rearrangement. 
The course of the rearrangement can be easily followed spectro- 
photometrically, as shown in Fig. 2. (Of all the spectra reported 
in Table I, only the alkaline spectrum of the 1-(2-hydroxyethyl)- 
adenosine has a broad shoulder from 290 to 310 muy, as seen in 
Fig. 2, Curve a. The other spectra are more or less symmetrical 
about their respective peaks and, therefore, are not shown.) 
Spectrum b in Fig. 2 is very nearly identical with that of pure 
6-(2-hydroxyethylamino)-9-8-p-ribofuranosylpurine, and the 
36% increase in maximal extinction of Curve 6 over Curve a is 
nearly the same as the per cent difference in the ay for the ultra- 
violet absorption maxima of 1-(2-hydroxyethyl)adenosine and 
6-(2-hydroxyethylamino)-9-8-p-ribofuranosylpurine in alkali 
(39%; see Table I). Taken together, these data indicate that 
the rearrangement is virtually quantitative. 

Evidence for Pathway of Rearrangement—Rearrangements of 
the type described above have been observed previously in the 
purine (30, 31, 35) and in the pyrimidine series (36-38). It has 
been suggested that rearrangement occurs via an opening of the 
pyrimidine ring to give an intermediate such as Compound IV, 
which would undergo ring closure with the unsubstituted amino 
group at the 6-position preferentially entering the ring and with 
the alkylated nitrogen at the 1-position rotating out of the ring 
(39). If this were the pathway of the rearrangement, then the 
further treatment of 6-(2-hydroxyethylamino)-9-6-p-ribofuran- 


| osylpurine (V) with ethylene oxide should result in a doubly al- 
_ kylated derivative, (Compound VIII), the pyrimidine ring of 


yup of V 
by isola- 
hydroxy- 


(875 mg) 
ath for 1 
> and 7 mi 
Towed to 





which should be susceptible to ring opening in alkali since re- 
arrangement would not be possible. The open-ring compound 
would lose formaldehyde in alkali and a diazotizable amino- 
imidazole (Compound IX or its breakdown products) should result. 

Evidence for such a sequence was indeed found, although the 
hydroxyethylation of V proceeds very slowly. A solution of 


| 6-(-hydroxyethylamino)-9-8-p-ribofuranosylpurine (115 mg) in 


4ml of dimethylformamide, 4 ml of ethylene oxide, and 12 ml of 
' H:0 was allowed to stand at room temperature in a stoppered 
tube. Over a period of 20 days the solution became increasingly 
| alkaline. Portions of the reaction mixture were removed every 
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Fig. 2. Spectra of 1-(2-hydroxyethyl)adenosine in alkali 


few days and the spectra at pH 11 were recorded. The only 
significant feature of the spectrum which changed was the gradual 
appearance of a broad shoulder from 290 to 310 my, typical of 
1-alkyladenosine derivatives (31) (Fig. 2). This shoulder nearly 
disappeared when the pH 11 solutions were heated to 100° for 1 
hour with the appearance of a new compound which gave a 
deep red-purple color in the Bratton-Marshall test (33) for 
diazotizable amines. 

In the case of a methylated pyrimidine, Brown (40) has re- 
cently demonstrated unequivocally a rearrangement pathway 
like the one proposed above. 

Hydroxyethylation of ATP—A solution of 4.54 mmoles of 
ATP in 32 ml of 6% aqueous ethylene oxide was adjusted to 
pH 6.5 with NaOH and the reaction was allowed to proceed at 
room temperature for 51 hours. The pH value was held con- 
stant by the automatic addition of 4.6 n HClO, Acid con- 
sumption had nearly ceased after 51 hours, by which time 6.61 
mmoles had been added, or 1.46 mmoles per mmole of ATP. 

Isolation of Ethylene Oxide-ATP Reaction Product—A portion 
of the ethylene oxide-ATP reaction mixture containing 1.6 
mmoles of product (determined spectrophotometrically) was 
diluted to 100 ml, adjusted to pH 7.5, and applied to a 2.3 x 30 
em column of Dowex 1-chloride, previously washed with 5 N 
HCl and H,0. The column was washed exhaustively with 
water, and then a linear gradient of LiCl was applied, with 2 
liters of 0.001 n HCl in the mixing chamber and 2 liters of 0.2 
M LiCl adjusted to pH 2 with HCl in the reservoir. Total 
recovery of ultraviolet-absorbing (260 mu) material was 96%; 
15% was found in the water wash and 58% was recovered in a 
single peak that emerged from the column between 1.6 liters and 
2.1 liters of the LiCl gradient. This fraction was adjusted to 
pH 7.0 with LiOH and lyophilized to a powder. To remove 
the LiCl, the dried powder was extracted with a 1:1 mixture of 
acetone-absolute ethanol until the extract was chloride-free (41). 
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Fic. 3. Ethylene oxide-ATP reaction product 


The remaining powder was taken up in a small amount of water 
and added to a 10-fold excess of the extracting solvent mixture. 
The white precipitate was collected by filtration and dried in a 
vacuum over P,Os, yielding 425 mg of white powder (0.6 mmole 
by total phosphate analysis; yield, 37%). This compound will 
be referred to as the ATP-ethylene oxide reaction product, and 
evidence is presented to support the structure shown in Fig. 3. 
The purity of the compound was established by paper chroma- 
tography. In three solvents it migrates as a single spot that 
can be detected either by quenching of ultraviolet irradiation or 
by developing the papers for phosphate esters. The Ry values 
for the three solvent systems (see “Experimental Procedure’’) 
are as follows: (a), 0.16; (b), 0.85; and (c), 0.24. 

Proof of Structure of Ethylene Oxide-ATP Reaction Product— 
The 1-(2-hydroxyethyl)adenine structure of the ethylene oxide- 
ATP reaction product is revealed by its ultraviolet absorption 
spectra in acid and alkali—spectra that are identical to those of 
1-(2-hydroxyethyl)adenosine. After warming in dilute alkali, 
a spectral shift, denoting rearrangement to the 6-(2-hydroxy- 
ethylamino)purine derivative and identical with that observed 
with 1-(2-hydroxyethyl)adenosine (Fig. 2), is observed. Titra- 
tion of the ethylene oxide-ATP reaction product from pH 2.5 to 
11.0 reveals a single titratable group with a pK value of 8.8. One 
equivalent of alkali per equivalent of product, determined by 
total phosphate analysis, is consumed in the titration. The 
loss of the secondary phosphate dissociation with its pK value 


2Li ® 


; 
at pH 6.5, shows that the terminal phosphate is esterified, 
Esterification also accounts for the 1.5 moles of acid consumed | 
during the hydroxyethylation: 1 mole from the ethylene oxide. 
adenine reaction and 0.5 mole from esterification of the secondary 
phosphate, which is half ionized at the pH value of the hydroxy. 
ethylation. If primary phosphate groups with pK values below 
pH 2 had also been esterified, more than 1.5 moles of acid per | 
mole of ATP would have been consumed. 

Analysis of the ethylene oxide-ATP reaction product revealed 
1.1 moles of ribose, 4.98 atoms of nitrogen, and 1.0 mole of acid- 
labile phosphate/3 moles of total phosphate. The rate of re. | 
lease of acid-labile phosphate is shown in Fig. 4A. Two moles 
of P; are liberated from ATP under the same conditions. 

Further evidence of structure was obtained by enzymatic 
hydrolysis. As shown in Fig. 4B, the incubation of both ATP 
and the ethylene oxide-ATP reaction product with snake venom 
results in the release of 1.0 mole of P; per mole of nucleotide. 
Chromatographic analysis of the snake venom digests was used to 
identify the other hydrolysis products. Reaction mixtures con- 
taining 0.6 mmole of NaHCOs, 0.18 mmole of MgCle, 60 umoles of 
nucleotide (ATP or the ethylene oxide-ATP reaction product), 
and 24 mg of lyophilized snake venom (Crotalus adamanteus) 
in a total volume of 5.4 ml were incubated at 36° for 30 minutes; 
the reaction was stopped by adding 0.6 ml of 50% trichloroacetic | 
acid and the protein was removed by centrifugation. The super- | 
natant fluid was freed of excess trichloroacetic acid by extraction 
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Fig. 4A: Release of Pi from the ethylene oxide-ATP reaction 
product in 1 n HCl at 100°. 

Fig. 4B. Release of Pi from ATP, O——O, and from the ethyl- 
ene oxide-ATP reaction product, @——@, by hydrolysis with 
Crotalus adamanetus venom. 

Incubation Mizture (2.4 ml)—NaHC0Os, 0.2 mmole; MgCh, 0.6 


mmole; nucleotide, 4 #moles; lyophilized snake venom, 4 mg. In- } 
cubation was at 37°. At intervals, 0.2-ml portions were removed 
into 3 ml of 5% trichloroacetic acid, the protein was removed by 
centrifugation, and 2 ml of the supernatant solution were assayed 
for Pi. 
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with ether and was concentrated to 0.6 ml. These solutions 
were chromatographed on paper in Solvent Systems a and c. 
By comparison with authentic compounds, the products of the 
ATP hydrolysate were clearly identified as adenosine, Pi, and 
pyrophosphate. Similarly, the hydrolysate of the ethylene 
oxide-ATP reaction product was shown to contain 1-(2-hy- 
droxyethyl)adenosine, P;, and a phosphate ester that possessed 
mobility in these two solvents unlike that of either pyrophosphate 
or 2-hydroxyethylphosphate. According to the proposed struc- 
ture of the ethylene oxide-ATP reaction product and by analogy 
with the action of snake venom on ATP, this phosphate ester 
should be 2-hydroxyethylpyrophosphate. This phosphate 
ester was eluted with H.O from a chromatogram of the snake 
venom hydrolysate developed in Solvent System a. The 
paper eluate was made 1 N in HCIQ, and heated in a boiling 
water bath for 30 minutes. KOH was added to pH 7 and the 
KCIO, filtered. Chromatography of the filtrate in Solvent 
Systems a, d, and e revealed the presence of only P; and a phos- 
phate ester with mobility identical to that of 2-hydroxyethyl- 
phosphate. Therefore, snake venom hydrolyzes the ethylene 
oxide-ATP reaction product to 1-(2-hydroxyethy]l)adenosine, P,, 
and hydroxyethylpyrophosphate. 

The products of the snake venom hydrolysis of the nucleotide 
triphosphates are explained by the sequential action of a diester- 
ase that cleaves the proximal pyrophosphate bond (42) and a 
5/-nucleotidase (43), that liberates P; and the nucleoside (see 
Arrows a and 6, Fig. 3). 

Hydroxyethylation of NAD at pH 6.0—In a typical reaction 
1.0 g of NAD(DPN) in 35 ml of 5% aqueous ethylene oxide was 
stirred at room temperature in an atmosphere of approximately 
90% ethylene oxide. The pH value was maintained at pH 6.0 by 
the continuous automatic addition of 1 N HClOy. During the 
course of the reaction, the concentration of NAD was determined 
in aliquots of the reaction mixture after freeing them of ethylene 
oxide under vacuum. The standard enzymatic assay with yeast 


_ alcohol dehydrogenase was used (see “Experimental Procedure”). 
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The decrease in NAD concentration during the course of the 
hydroxyethylation at pH 6.0 and the time course of acid con- 


times of 113 hours. In every experiment the total amount of 
acid consumed was very close to 1 mole per mole of NAD. The 
reaction was allowed to proceed for 60 to 70 hours, by which 
time acid consumption had nearly ceased. 

As the ethylene oxide-NAD reaction proceeded, there ac- 
cumulated a pyridine nucleotide product that was enzymatically 
reduced to the extent of less than 1% in the standard enzymatic 
assay for NAD with yeast alcohol dehydrogenase but that 
could be reduced by increasing the enzyme concentration 6-fold 
and the incubation time to 30 minutes. This product was sub- 
sequently identified as nicotinamide 1-(2-hydroxyethyl)adenine 
dinucleotide (Compound XI) (Fig. 6). After allowing NAD to 
react with ethylene oxide for 68 hours, 85% of the total pyridine 
nucleotide present in the reaction mixture was accounted for 
as XI and 5% as NAD; 10% failed to react with the enzyme. 

Isolation and Characterization of Nicotinamide 1-(2-Hydroxy- 
ethyl)adenine Dinucleotide (XI)—XI was recovered as a solid by 
adding the ethylene oxide-NAD reaction mixture, adjusted to 
to pH 4, to 6 volumes of cold acetone (44). Purification was 
achieved by ion exchange chromatography and electrophoresis. 
The crude solid product, 1.4 g in 100 ml of 0.01 n HCl, was ap- 
plied toa 1.8 X 64 em column of Dowex 50, H+ (200 to 400 mesh). 
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TaBLe II 


Spectral data for N-(2-hydroxyethyl) analogues of nicotinamide 
adenine dinucleotide 














Analogue Amax lam (X 104)*| Amin | {M2 
Nicotinamide 1-(2-hydroxy- 
ethyl)adenine dinucleotide 
pH 1.0 259 16.1 236 | 8.0 
pH 11 259 16.3. | 235 8.1 
In 1 m KCN 260, 312/12.4, 6.6 | 237 | 6.5 
Reduced with yeast ADH 259, 336/12.3, 5.8 | 238 | 5.9 


Nicotinamide 6-(2-hydroxyeth- 
ylamino)purine dinucleotide 
pH 1.0 264 22.4 | 235 | 8.14 
pH 7.5 265 21.8 234 | 7.88 
In 1 m KCN 267, 326)17.8, 6.00) 237 | 6.12 
Reduced with yeast ADH 267, 338/17.9, 5.76) 237 | 6.60 




















* Assuming an ay of 5760 at 340 my for the enzymatically re- 


duced compounds, which is the value for enzymatically reduced 
NAD (14). 


The sample was eluted with 0.01 m HCl and fractions were col- 
lected. The hydroxyethylated dinucleotide was found in the 
major nucleotide peak, the fraction from 1.1 to 1.4 liters of 
column effluent. This fraction was completely free of NAD. 
However, it contained a considerable amount of a compound 
showing the characteristics of a quaternary nicotinamide deriva- 
tive but containing no purine. Presumably, this was a result of 
hydrolysis on the column (45). The desired dinucleotide can be 
completely separated from this hydrolysis fragment by electro- 
phoresis on sheets of Whatman E-17 paper, with 0.02 m potassium 
phosphate, pH 6.0 as solvent and a potential of approximately 6 
volts per cm for 7 hours. The mixture was applied as a narrow 
band at the origin at a concentration of approximately 20 mg per 
em. The fragment resulting from hydrolysis on the column 
migrates toward the anode, whereas the hydroxyethylated di- 
nucleotide (XI) exhibits no net charge and fails to migrate. The 
sample was recovered by elution from the paper with H.O. The 
purity of the nicotinamide 1-(2-hydroxyethyl)adenine dinucleo- 
tide was established by chromatography in Solvent System c and 
by paper electrophoresis at pH 2.4, 6.0, and 9.9; in each case the 
sample migrated as a single spot. 

The following data are consistent with the proposed structure: 
(a) Titration from pH 2.5 to 11.0 reveals only one dissociable 
group, with a pK value at approximately 8.3. (6b) In electro- 
phoresis, the compound appears to have no net charge at pH 
2.4 or at pH 6.0, but a net negative charge at pH 9.9. (c) 
Only 1 mole of acid is consumed per mole of NAD in the reac- 
tion with ethylene oxide. (d) The spectra (Table II) reveal the 
l-alkyladenine structure. (e) Unchanged nicotinamide is 
found in the hydrolysate when the compound is hydrolzyed with 
a highly purified pig brain NADase preparation.1 The nico- 
tinamide was identified by its mobility in Solvent System g, and 
by its color reaction with cyanogen bromide and p-aminobenzoic 
acid (20). (f) Like 1-(2-hydroxyethyl)adenosine, this NAD 
analogue yields no Ag-precipitable purine base after acid hy- 
drolysis. 

Rearrangement of Nicotinamide 1-(2-Hydroxyethyl) Adenine 


1H. G. Windmueller and N. O. Kaplan, in preparation. 
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Dinucleotide in Alkali—When an alkaline solution of nicotinam- 
ide 1-(2-hydroxyethyl)adenine dinucleotide (XI) is heated, 
rearrangement to a new dinucleotide can be observed (Fig. 5). 
This new dinucleotide, identified as nicotinamide 6-(2-hydroxy- 
ethylamino)purine dinucleotide (Compound XIV), is rapidly 
reduced in the standard yeast alcohol dehydrogenase assay for 
NAD, and is therefore readily distinguished from XI. From 
Fig. 5, it is seen that the rearrangement is virtually quantitative. 
However, because of the lability of the nicotinamide-ribose 
bond, heating in alkali results in a large loss of both XI and XIV. 
Therefore, for the preparation of nicotinamide 6-(2-hydroxy- 


10 














wn 

WwW 

a 

5 80 

g 

at 

oa 

z 60 

W 

Zz 

& 

x 40) 

a 

ad 

5 20 

= 

=e i i 1 i iL i 

50 100 150 200 250 300 350 
min. 


Fie. 5. Rearrangement of nicotinamide 1-(2-hydroxyethy])- 
adenine dinucleotide @——@, to nicotinamide 6-(2-hydroxy- 
ethylamino) purine dinucleotide, O——O, at 70°in 0.1m phosphate 
buffer, pH 8.0. 
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ethylamino)purine dinucleotide, the rearrangement of XI was | 
preceded by reducing it chemically to its dihydronicotinamig | 
derivative, which is quite stable to alkali. The sequence 
reactions is shown in Fig. 6 and is described below. 
Preparation of Nicotinamide 6-(2-Hydroxyethylamino) puri, | 
Dinucleotide (XIV)—A solution of 500 mg of crude nicotinamig 
1-(2-hydroxyethy])adenine dinucleotide (XI) (acetone precipitaty | 
of the NAD-ethylene oxide reaction mixture), and 200 mg oi 
Na2S20, in 30 ml of 1% NaHCOs were heated in a boiling wate 
bath for 5 minutes to pelea the reduction to Compound XI) 
(46). The solution was cooled to 25° and vigorously aerate 
for 15 minutes to oxidize the excess dithionite. Sodium hy. 
droxide was added to bring the pH to 11.2, and the solution wa | 
heated in a 76° water bath for 1 hour, to complete the rearrange. 
ment to Compound XIII. The solution was again cooled ty 
room temperature and the following additions were made: 1.5m), 
of 3m Tris, 5 N HCl to pH 7.5, 0.25 ml of acetaldehyde, and 1.5 mg 
of crystalline yeast alcohol dehydrogenase. Incubation was 
allowed to proceed until there was no further reduction in the 
extinction at 340 my (approximately 15 minutes), indicating 
complete oxidation of XIII to XIV. Then the mixture wa. 
acidified to pH 3.0, chilled in an ice bath and poured slowly with 
swirling into 6 volumes of chilled acetone. 
powder that precipitated overnight was collected by centrifuga. | 
tion, washed with cold acetone, taken up in 130 ml of H,0, ad-| 
justed to pH 7.5 with NaOH, and applied to a 2 x 32 em 
column of Dowex 1(Cl-). The column was flushed exhaustively 
with 0.0001 n HCl, until no more ultraviolet-absorbing material 


The pale yellow/ 


appeared in the effluent, and then a linear CaCl, gradient was | 


applied to elute the dinucleotide. 
1 liter of 0.0001 N HCl and the reservoir, 1 liter of 0.04 m CaCl, 
adjusted to pH 2.5 with HCl (47). The nicotinamide 6-(2 
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Fic. 6. Preparation of N-(2-hydroxyethyl) analogues of NAD 
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hydroxyethylamino) purine dinucleotide (XIV) was eluted in 
the first peak, from 0.4 liter to 0.8 liter. This fraction was ly- 
ophilized to dryness and the CaCl, removed by repeated ex- 
traction with a mixture composed of equal volumes of ethy! 
ether and absolute ethanol (47). The over-all recovery from 


| the conversion of XI to XIV was 50%. 


The purine moiety of XIV, recovered as the silver salt after 
hydrolysis of the dinucleotide in 1 N H,SO, for 60 minutes at 100°, 
is identical to authentic 6-(2-hydroxyethylamino)purine pre- 

from 6-chloropurine as previously described. The identity 
was established by a comparison of the ultraviolet absorption 
spectra at pH 1,7, and 13 and by the mobility on paper chromato- 
grams in Solvent System f. The various spectra for the dinucleo- 
tide itself (Table II), as well as the electrophoretic mobility 
of the compound at pH 6.0 and pH 2.4, are also consistent with 
the structure as shown. 

On paper chromatograms, Solvent System c¢ is capable of 
resolving NAD (Rr = 0.19), nicotinamide 1-(2-hydroxyethyl)- 
adenine dinucleotide (Rr = 0.26), and nicotinamide 6-(2-hy- 
droxyethylamino) purine dinucleotide (Rr = 0.30). 

Coenzymatic Activity and Fluorescence of N-(2-Hydroxyethyl) 
Analogues of NAD—In preliminary experiments measurements 
have been made of the ability of the N-hydroxyethylated NAD 
analogues to replace NAD (DPN) in a series of dehydrogenase 
reactions. The relative rates of analogue reduction as compared 
with NAD reduction under identical conditions are shown in 
Table III. The reductions were measured at pH 7.1 and at 
pH 9.5 in order to compare the reactivity of nicotinamide 1- 
(2-hydroxyethyl)adenine dinucleotide and its conjugate base, 
which would be the predominant species at the higher pH value, 
as shown below. 
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Several conclusions can be drawn from the data in Table III. 


(a) Hydroxyethylation of the adenine amino group of NAD has 
| relatively little effect on the ability of the coenzyme to react with 


CHa CH, 0H 


the dehydrogenases tested. (b) Hydroxyethylation of the NV, of 
theadeninein NAD greatly reduces the efficiency of the coenzyme. 


_ In the case of yeast alcohol dehydrogenase this low efficiency is 


caused at least in part by a very low affinity of the modified co- 
enzyme for the dehydrogenase, since NAD is still rapidly re- 
duced in the presence of even a 20-fold excess of the analogue. 
No inhibition studies have yet been done with the other de- 
hydrogenases. (c) With the dehydrogenases tested in Table 
III, except with glyceraldehyde 3-phosphate dehydrogenase, pH 
value has little or no effect on the relative efficiency of reduction 
of nicotinamide 6-(2-hydroxyethylamino)purine dinucleotide, 
but it becomes important in the reduction of nicotinamide 1- 


| (2-hydroxyethyl)adenine dinucleotide, which is a more efficient 


te 


coenzyme at pH 9.1 than at pH 7.5. It may be significant that 
at the higher pH value this analogue bears the same net charge 


~~ 


TaB_e III 


Relative rates of enzymatic reduction of N-(2-hydroxyethyl) 
analogues of nicotinamide adenine dinucleotide 

Incubation mixtures (1.0 ml): 0.22 umole of coenzyme, 100 umoles 
of Tris (pH as indicated), substrate, and to start the reaction, 
sufficient enzyme to reduce approximately 10% of the coenzyme 
in 1 minute. Substrates used, in micromoles, were as follows: 
ethanol, 170; lithium lactate, 100; sodium glutamate, 45; and so- 
dium malate, 50. Substrate for the glyceraldehyde 3-phosphate 
dehydrogenase was 0.03 ml of triosephosphoric acid ester solution 
(C. F. Boehringer & Son) plus 0.03 ml of a 5.4% solution of sodium 
arsenate. 

Incubation was at room temperature. Rates of reduction were 
determined from the increase in optical density at 340 my from 20 
to 80 seconds after the addition of enzyme. 





Relative rate of reduction (NAD = 100) 











| 
| 
Dehydrogenase ource fs . icoti i bs 
ot Soaeapet | Hasomeunien 
| adenine dinucleotide eo pore A m3 canal 
| pH7.1 | pH95 | pH7.1 | pH 95 
Alcohol | Yeast 0.2 0.8 44 43 
Alcohol Horse liver 2 35 82 72 
Lactic Rabbit skele- | 0.5 4 104 81 
tal muscle 
Lactic Beef heart 2 11 52 55 
Glutamic | Beef liver 8 61 71 72 
Malic Pig heart 0 0.6 95 94 
Glyceralde- | Rabbit skele- | 4 3 35 71 
hyde-3-P | tal muscle 

















(—1) as does NAD, whereas at pH 7.5 it is a neutral molecule. 
(d) The difference in reactivity of the two alcohol and lactic 
dehydrogenases toward the analogues is another demonstration 
of the usefulness of these compounds for distinguishing similar 
enzymes from different sources (48). 

The susceptibility of the NAD analogues to enzymatic hy- 
drolysis has been determined. Both nicotinamide 1-(2-hy- 
droxyethyl)adenine dinucleotide and nicotinamide 6-(2-hy- 
droxyethylamino) purine dinucleotide are hydrolyzed by a highly 
purified preparation of pig brain NADase,! the former at 60% 
and the latter at 53% the rate at which NAD is hydrolyzed. 
Incubations with the enzyme were in 0.075 m Tris buffer, pH 7.4 
at 37° and hydrolysis was monitored by the cyanide method 
(21). 

The fluorescence excitation spectra of the reduced forms of 
NAD and the hydroxyethylated analogues are shown in Fig. 7. 
Very similar results were obtained whether the compounds were 
reduced enzymatically or chemically with dithionite. NADH 
(DPNH) is seen to have two strong fluorescence excitation bands, 
one with a maximum at 340 mu, where only the dihydronicotinam- 
ide moiety of the molecule absorbs energy, and one at 260 mu, 
where 80 to 90% of the energy is absorbed by the purine moiety. 
Since adenylic acid alone does not fluoresce, the fluorescence of 
NADH excited at 260 my has been attributed by Weber (26) to 
an intramolecular transfer of energy from the purine to the di- 
hydronicotinamide, which is known to be capable of fluorescence. 
From Fig. 7, it is seen that hydroxyethylation of the N, ring 
nitrogen of the adenine of NADH greatly reduces the efficiency 
of energy transfer. Hydroxyethylation of the adenine amino 
group does not interfere with efficient transfer. 
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Fig. 7. Fluorescence-excitation spectra of NADH and N-(2 
hydroxyethyl)NADH analogues. 
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Hydroxyethylation of NAD at pH 2.4—When an aqueous solu- 
tion of NAD was treated with a large excess of ethylene oxide 
at room temperature and the pH value maintained constant at 
pH 2.4, there was a gradual loss of NAD and a concomitant 
consumption of acid. NAD in the absence of ethylene oxide is 
quite stable under these conditions. For at least 10 hours both 
NAD disappearance and acid consumption followed first order 
kinetics with identical rate constants. One mole of acid per 
mole of NAD was consumed during the reaction, which was 
considered complete after 28 hours, when acid consumption had 
ceased. 

The reaction of ethylene oxide with NAD at pH 2.4 is in a 
number of respects different from the pH 6.0 reaction. Studies 
on the ethylene oxide-NAD reaction mixture, (pH 2.4) after 
removal of excess ethylene oxide, indicate that the predominant 
reaction is the esterification of one or of both of the primary 
phosphate groups accompanied by little or no hydroxyethylation 
of the adenine moiety. 

In contrast to the results at pH 6.0, the loss of NAD during the 
hydroxyethylation at pH 2.4 is not accompanied bya concomitant 
appearance of an altered coenzyme with reduced activity in the 
yeast alcohol dehydrogenase reaction. The product(s) of the 
pH 2.4 hydroxyethylation are completely inactive in the enzy- 
matic assay. ‘Titration of the product mixture with alkali from 
pH 2.5 upward reveals titratable groups with pK values near 3.5 
(adenine) and 6.5 (secondary phosphate groups). As the mixture 
is brought to near pH 8, a drift of pH to lower values is observed, 
indicative of a release of acid. This would be the case if triesteri- 
fied ortho- or pyrophosphoric acid was being hydrolyzed. 
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Such hydrolysis does not result in the reappearance of NAD, ag 
determined by yeast alcohol dehydrogenase assay, Suggesting | 
that hydrolysis involves ribose-phosphate or phosphate-phos. | 
phate cleavages rather than merely expulsion of newly introduced 
2-hydroxyethyl ester groups. Electrophoresis of the product 
mixture at pH 2.4 revealed at least five different components, al] 
bearing either a net positive charge or no net charge at this pq 
value. One major electrophoretic component strongly quenched 
ultraviolet irradiation but contained no quaternary nicotinamide 
group, as determined by its failure to fluoresce in the presence of 
cyanide ion. This implies that the purine and nicotinamide 
moieties of the coenzyme have been hydrolytically separated as 
a result of the hydroxyethylation. On paper chromatograms jp 
Solvent System f, nearly all of the products migrate with R, 
values of 0.25 to 0.30, as do NMN, AMP, and adenosine. The 
Ry of NAD in this system is 0.05. ' 
Adenine (80% of theory) was recovered from an acid hydroly- 

sate of the product mixture. The adenine was precipitated ag | 
the insoluble silver salt, recovered as the hydrochloride by HC] | 
treatment, and identified by its ultraviolet absorption spectra at | 
pH 1, 7, and 13 and by its Rr value on a paper chromatogram | 
in Solvent System f. At pH 2.4 the adenine moiety of NAD js | 
protonated and bears a positive charge, and, therefore, its } 
failure to become hydroxyethylated at this pH value is not 
surprising. 





DISCUSSION 


The site of hydroxyethylation of adenine nucleosides and 
nucleotides, namely the nitrogen at the 1-position, is the same as 
the principal site of methylation, as determined by Brookes and 
Lawley with dimethylsulfate (31). As pointed out by these 
authors, this is in agreement with the theoretical estimates of the 
relative reactivities of the ring-nitrogen atoms of adenine by 
Nakajima and Pullman (49). The alkylation data also support 
the contention that it is the nitrogen of the 1-position, and not 
the extranuclear amino group, that accepts a proton when ade- 
nine nucleosides are acidified below pH 4 (50). 


When adenine nucleosides are alkylated at N,, the pyrimidine 


ring becomes labilized to the action of acid and alkali. In 
strong acid, the pyrimidine ring is opened and the product, an 
aminoimidazole, does not give an insoluble Ag salt. This may 
help explain the observation of Press and Butler (51) that treat- 
ment of nucleic acid with nitrogen mustard, a recognized alkyl- 
ating agent, reduces its content of Ag-precipitable purines. | 
In alkali, 1l-alkyladenine ribonucleosides and _ ribonucleotides 
undergo cleavage between N, and C2. If there is an unsubsti- 
tuted amino group at the 6-position, a rearrangement follows to 
give the 6-alkylaminopurine derivative. If not, hydrolysis pro- 
ceeds to give an aminoimidazole. The latter case if exemplified 





by the alkaline hydrolysis of 1-benzylinosine to give the 6-ribo- 


furanosy] of 5-amino-4-imidazole-N-benzylcarboxamide (52) and, : 
» hydroh 


in the present study, by the production of diazotizable amine 
during the alkaline treatment of 6-(2-hydroxyethylamino) purine 


ribonucleoside that has been further hydroxyethylated with | 
> oxide i 


ethylene oxide. 


1-Alkyladenine derivatives, as well as 6-alkylaminopurine 
derivatives, appear to be present in nature. It has been suggested | 


that the biosynthesis of imidazole glycerol phosphate from AMP 
by bacteria proceeds via a 1-(5’-phosphoribosyl)-AMP. inter- 
mediate (53, 54). This compound, in a reaction analogous # 
the acid or alkaline hydrolysis of 1-alkyladenine ribonucleosides, 
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may donate the N; and C2 of the adenine ring to imidazole 
glycerol phosphate and give 5-amino-4-imidazole carboxamide 
ribonucleotide as the other product. It appears that 1-methyl- 
adenine may be a normal component of the soluble RNA from 
pig liver and of the RNA from rat liver as well as of the RNA 
from plant sources (55, 56). However, 6-methylaminopurine 
has been shown to be a constituent of soluble RNA from Escher- 
ichia coli,and phage DNA has been found to contain the 6-methyl- 
aminopurine (55). The significance of the occurrence of the 
alkylated purines is not clear at present. 

Preliminary experiments to test for the utilization of the new 
hydroxyethylated adenine derivatives by an adenine-requiring 
bacterial mutant have proved negative. The organism, Sal- 
nonella typhimurium, strain Adz (57), kindly supplied by Dr. 
Boris Magasanik of the Massachusetts Institute of Technology, 


| grows on adenine or adenosine, but it fails to grow on 1-(2- 


hydroxyethyl)adenosine, —_ 6-(2-hydroxyethylamino)-9-8-p-ribo- 
furanosylpurine, or 6-(2-hydroxyethylamino)purine. When 
these adenine derivatives are offered to the organism to- 
gether with equimolar amounts of adenine, growth appears to be 
normal. 

It has been suggested by Alexander and Stacey (58) that 
alkylating agents react with nucleic acids by esterifying primary 
phosphate groups, thereby leading to the formation of triesteri- 
fied phosphoric acid residues, and that purine alkylation occurs 
by transfer of the alkyl group from triesterified phosphoric acid 
to purine moieties. In our experience, the hydroxyethylation of 
NAD and ATP with ethylene oxide at near neutral pH values 
resultsin no detectable esterification of primary phosphate groups, 
even when a very large excess of the alkylating agent is used. 
However, the esterification of the more basic terminal secondary 
phosphate of ATP occurs readily. This is in agreement with 
the finding of Davis and Ross (59) that a secondary phosphate 
grcup can compete some 30 times more favorably for reaction 
with a typical alkylating agent than can a primary phosphate 
group. The similarity in the pseudo first order rate constants 
for the pH 6 hydroxyethylation of the adenine moieties of 
adenosine and NAD argues against the intermediate formation 
of tertiary phosphate esters in the alkylation of the latter. 
Stacey et al. have treated nucleic acids with a series of alkylating 
agents, including epoxides, at pH 7.0, and have monitored the 
reaction by the consumption of acid, a method which they be- 
lieved measures the esterification of primary phosphate groups 
(10, 58). It would now seem that purine alkylation could ac- 
count not only for the acid consumption but also for other changes 
which they observed in the chemical and physical properties 
of the nucleic acid. 

On the other hand, the reaction of NAD (DPN) with ethylene 
oxide at pH 2.4 reveals that under more acidic conditions primary 
phosphate esterification can occur, and that the resulting tri- 
esterified pyrophosphoric acid is labile to acid and alkaline 
hydrolysis. At pH 2.4 the adenine moiety of the dinucleotide 
is resistant to alkylation, since it is protonated and, therefore, 
no longer nucleophilic. The increased reactivity of ethylene 
oxide in acid may be ascribed to protonation of the epoxide 
oxygen enhancing the electrophilic character of the molecule. 

The analogue of NAD bearing the hydroxyethyl group on the 
N\ of adenine has very low activity with nearly all dehydrogenases 
tested. The activity usually increases when the activity assay 
ismade at pH 9 or above, where the quaternary adenine loses its 
positive charge by losing a proton (see structures on p. 2722). 
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Therefore, at least part of the low activity may be due to the 
presence of a positive charge on the adenine portion of the NAD, 
which interferes with the binding of the coenzyme and which, 
in general, greatly reduces the nucleophilic character of the 
purine. The isomeric analogue, with the hydroxyethyl group 
on the adenine amino function, shows much greater coenzymatic 
activity, of the order of 40 to 100% as much as does NAD in 
the preliminary studies. The relative activity of this analogue 
with a series of dehydrogenases generally parallels that of nico- 
tinamide hypoxanthine dinucleotide (7). It can be concluded 
that the presence of an unsubstituted amino group at the 6- 
position of the adenine of NAD is not essential for activity with 
most dehydrogenases. 

The great differences in reactivity of a series of dehydrogen- 
ases with these and with other analogues reveal that these en- 
zymes are all different proteins, that generalizations with respect 
to specificity and structure cannot be made, and that each 
dehydrogenase should be treated as a separate problem. Even 
proteins with the same enzymatic activity but from different 
tissues are seen to behave differently toward the NAD analogues 
(48). Other studies in this laboratory indicate that the analogues 
reported in this communication are particularly useful for 
detecting such heterogeneity among similar enzymes. Compari- 
son of the reactivity of any single dehydrogenase with a series 
of NAD analogues yields information about the structural 
requirements that the coenzyme must possess in order to interact 
successfully with the protein. 

When the N, position of the adenine of NADH becomes 
hydroxyethylated, there is a large decrease in the efficiency of 
intramolecular purine-to-dihydronicotinamide electronic energy 
transfer, measured spectrophotofluorometrically. If energy 
transfer occurs by a coupled oscillator mechanism as has been 
proposed by Weber (26), then N,-hydroxyethylation could re- 
duce transfer by interfering with the formation of an intramolec- 
ular complex between the dihydronicotinamide and the modified 
adenine moiety. This interference may be a steric phenomenon, 
but more likely it is related to the alteration in electron availa- 
bility in the adenine group after its alkylation. This is supported 
by the low efficiency of transfer observed with reduced nicotinam- 
ide hypoxanthine dinucleotide (8). If the adenine amino 
group of NADH is hydroxyethylated, no interference with 
energy transfer is observed. 

The ability of a NAD analogue to function efficiently as a 
coenzyme and its ability to transfer energy are not always cor- 
related. Nicotinamide hypoxanthine dinucleotide, for example, 
can substitute efficiently for NAD in some dehydrogenase reac- 
tions (7). 

Preliminary experiments reveal that with propylene oxide at 
pH 6.0, NAD can be converted to an analogue bearing a 2- 
hydroxypropyl side chain on the N, of the adenine. This 
compound can rearrange to the corresponding 6-(2-hydroxy- 
propyl)purine analogue. It appears, therefore, that the reac- 
tion of epoxides with adenine derivatives is general and provides 
a synthetic route to other N-(2-hydroxyalkyl) analogues of 
adenosine, AMP, and NAD. 


SUMMARY 


Hydroxyethylation of adenosine in aqueous solution at pH 
6.0 with ethylene oxide gives a high yield of 1-(2-hydroxyethy])- 
adenosine. In dilute alkali solution, this compound undergoes 
cleavage and rearrangement to form 6-(2-hydroxyethylamino)- 
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9-8-p-ribofuranosylpurine. Similar hydroxyethylation of adeno- 
sine triphosphate results in N,-alkylation as well as in esterifica- 
tion of the terminal secondary phosphate group. In analogous 
fashion, nicotinamide adenine dinucleotide (diphosphopyridine 
nucleotide) is converted at pH 6.0 to nicotinamide 1-(2-hydroxy- 
ethyl)adenine dinucleotide, an analogue of the coenzyme. This 
analogue possesses very low coenzymatic activity in most dehy- 
drogenase systems and, when enzymatically reduced and exam- 
ined spectrophotofluorometrically, shows a low efficiency of 
intramolecular energy transfer from the purine to the dihydro- 
nicotinamide moiety of the molecule. By rearrangement, this 
analogue is converted to nicotinamide 6-(2-hydroxyethylamino)- 
purine dinucleotide, the isomer with the hydroxyethyl group on 
the adenine amino group. This isomer is quite efficient in replac- 
ing nicotinamide adenine dinucleotide in many dehydrogenase 
systems and in exhibiting the energy transfer phenomenon. 

In contrast to the reaction at pH 6.0, the hydroxyethylation 
of nicotinamide adenine dinucleotide at pH 2.4 results in esterifi- 
cation of the primary phosphate groups and the production of 
labile triesters of phosphoric acid; no hydroxyethylation of the 
adenine moiety occurs. 

The reaction of epoxides with ribonucleosides of adenine 
appears to be general and to offer a method for preparing N.- 
(2-hydroxyalkyl) or 6-(2-hydroxyalkylamino) derivatives of 
adenine-containing compounds, including nucleic acids. 
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"| The isolation of a dinucleotide consisting of adenine and an 
(1960). unknown compound from rabbit muscle was reported in 1958 
1 (1952). (1), Myonic acid is now proposed as a name for the latter. 
- Chem, This name implies only that the unknown compound was first 
159, 21|| isolated from muscle. In the present communication, details of 
the method of isolation and of studies pertaining to the struc- 
venth In. tyres of myonic acid and the dinucleotide are given. 

em. Soc.| Jsolation and Properties of Adenine Myonic Acid Dinucleotide 

N, D.N,, The chromatographic separation of the dinucleotide from the 

adenosine diphosphate-adenosine triphosphate zone where it 

: usually appears was greatly facilitated by preliminary fractiona- 

’Comnen tion of the water extracts of muscle with Ba(OH). at pH 9.2. 

chemistry ‘ 

Boston, After removal of the Ba(OH)>, the supernatant solutions were 
- chromatographed by a modification of the method of Hurlbert 
| eal. (2). Adenine myonic acid dinucleotide was determined 

biatiie. by its absorption at 366 my (1). The fractions in which the 

em., %4,| "tio of the absorbancies at 260 my to 366 my were below 5 were 
collected, adsorbed on charcoal, and then eluted with 3% am- 

Editon, | monia in 50% ethanol. The 260-my:366-my absorbancy ratio 

ew York, | of the eluate was usually around 3. Further purification was 

AN (Bdi-t achieved with a second ion exchange chromatography. In some 

ress, Inc,| cases, the product obtained at this step showed a ratio of ab- 
| sorbancies 260:366 of 1.6 in neutral or acid media (1) but in 

J. Chem. 


most instances, this result was obtained only after paper chroma- 
30 us| tography with isobutyric acid-ammonia-water (66:1:33) as 
me | solvent. 


Acta, 21, The products obtained showed that the ribose to phosphate 
' ratio was 1:1. Adenine was assayed in the dinucleotide by 
> BIEBER, determining the difference of absorption at 260 my between it 
. Fran, 2d the myonic acid mononucleotide obtained by acid hydrolysis. 
From the difference, the molar ratio of adenine to ribose to phos- 
\CKINNE!,, phate, was calculated to be 1:2:2. Hydrolysis with the pyro- 
| Reviews, phosphatase from washed kidney particles (3) produced a mix- 
:26 (1982). ture of AMP and myonic acid-ribose-phosphate (myonosine 
phosphate). The formation of a copper complex by the myonic 
. Soc., 1, acid mononucleotide with the diethyl dithiocarbamate micro- 
technique (4) was detected. 
, 235, 2672 
1) Isolation and Properties of Myonic Acid 
"Molecular Myonic acid was isolated from the products of acid or, prefer- 
: | ably, alkaline hydrolysis of the dinucleotide. It was also found 
Sci. U. eI free in the muscle extracts and could be separated from the 
the fourth) * Supported by grants from the National Science Foundation, 
Pergamo2) the National Institutes of Health and the Muscular Dystrophy 
(1952). Associations of America, Inc. 
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parent dinucleotide after successive passages through columns 
of Dowex 1 in formate and chloride forms. The ultraviolet 
spectra of the products isolated by any of the three methods are 
identical in neutral, acid, and alkaline media. This substance 
is acidic; it is only slightly soluble in water and in other solvents 
(ethanol, ether, acetone, CHCl;, pentane, and hexane), but its 
sodium and potassium salts are soluble in water. The acid can 
be crystallized from alkaline solution by acidification to approxi- 
mately pH 3. The crystals appear immediately and in the form 
of rosettes of needles. After several recrystallizations the m.p. 
is 330-334°, with decomposition. The equivalent weight, ob- 
tained by titration of its acid group to pH 8.5 to 9.0, was found 
in four different preparations to be 189 to 194. The elementary 
composition of five samples crystallized seven to nine times re- 
sulted in the following values:! 


C.H,.O3sN2 (molecular weight, 190) 
Calculated: C 56.80%; H 3.15%; N 14.73% 


Found: C 56.66%; H 3.48%; N 14.50% 


The compound produces a pink color with FeCl;. It can be 
acetylated with acetic anhydride in pyridine solution; the in- 
crease in weight corresponds to the addition of 1 acetyl group. 
Catalytic hydrogenation results in the incorporation of 4.4 to 4.5 
moles of hydrogen per mole. The absence of a reaction with 
HNO: indicates that no primary amino groups are present. No 
color is produced with FeSO, but if the pH is previously adjusted 
to 5.0, a yellow color is produced. Decarboxylation followed by 
sublimation is achieved by heating between 290 and 310°. 

The ultraviolet spectrum of myonic acid in water exhibits 
peaks at 221, 251, and 318 my. In alkaline and acid solution, 
the 318-my peak shifts to 333 mu and 353 muy, respectively 
(Fig. 1). After decarboxylation, the peak at 318 muy is dis- 
placed to 295 my (Fig. 2), but the bathochromic shifts in alkali 
and acid of both myonic acid and the decarboxylated product 
have approximately the same values, indicating that these spec- 
tral changes do not involve ionization of the carboxyl group. 

The infrared spectrum has a strong band at 3300 cm prob- 
ably because of absorption by either an H-bonded hydroxy! or 
an amide group. The band at 3090 cm agrees well with 
the C—H stretching vibrations to be expected in pyridine deriv- 
atives (5). This spectrum also displays a band at 1660 cm- 
indicating either the amide I (C=O) band or H-bonded carboxy] 


1 Elemental analysis by Galbraith Microanalytical Laborato- 
ries, Knoxville, Tennessee, and by Schwarzkopf Microanalytical 
Laboratories, New York, New York. 
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Potentiometric and spectrophotometric titrations of myoni!  cinche 
x10°3 


acid show dissociable groups with pK values of 4.0 (spectr.) chrom 
photometric determination), 5.7 (potentiometric determination) | 
and 11.7 (spectrophotometric determination). Inasmuch as the 
group with the pK 5.7 has no effect on the ultraviolet spectrum, 
it is assumed that this dissociation corresponds to the carboxylate 
ion, whereas the dissociation at pK 4 is caused by the tertiary The 
amine, and the dissociation at pK 11.7 is probably due to the oxidat 
ionization of the hydroxyl group. either 
Boiling myonic acid in 5 N HCl or in 2 nN NaOH for 30 orgy) e™P!F 
minutes failed to show any change in the ultraviolet spectrum,| Pe ™ 
from which was concluded that no attack had occurred. (jx. analy’ 
dation was accomplished by treatment with H.O. or KMn0, in acid ¢ 
dilute alkaline solution. The oxidation with H,O: can be regy. one ce 
lated so that the absorption peak at 318 my is completely elim.| eins 
inated whereas the component at 251 my is only partially de. produ 
stroyed. From 20 to 25% of the total N is eliminated as NH, acid ‘ 
during the oxidation. The product of oxidation with H:0, gives) 8 PF® 
a positive Kénig reaction (cyanogen bromide-aniline) (6). Paper agent 
250 300 350 400 electrophoresis of the products of oxidation indicates that the| _ bility 
r Mp main product is a dicarboxylic acid, and paper chromatography the d 
Fic. 1. Ultraviolet spectra of myonic acid. Curve 1, pH 7; with three solvents as well as ultraviolet spectral analysis at puma 
Curve 2, pH 2; Curve 3, pH 13. * various pH values suggest that the product is 3,4-pyridine di- decar 
carboxylic acid (cinchomeronic acid) (Fig. 3). Oxidation of| 180°: 
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cinchomeronic acid as was proven by spectrophotometric and 
chromatographic methods. 


Tentative Structures of Myonic Acid and 
Adenine Myonic Acid Dinucleotide 


The isolation of cinchomeronic acid as the main product of 
oxidation of myonic acid suggests that this is a derivative of 
either 2,6- or 2,7-naphthyridine.2 The molecular weight, the 
empirical formula, the uptake of more than 4 moles of hydrogen 
per mole, and the results of the ultraviolet and NMR spectral 
analyses are all in accordance with the hypothesis that myonic 
acid consists of one of these two naphthyridine ring systems with 
one carboxyl group and one hydroxy! group, the latter possibly 
being in equilibrium with the carbonyl form. Inasmuch as the 
products of oxidation of myonic acid and decarboxylated myonic 
acid are the same, it is concluded that the hydroxyl group (which 
is presumed to be one of the points of the attack of the oxidizing 
agent) and the carboxyl group are on the same ring. The possi- 
bility that in the oxidation cinchomeronic acid is derived from 
the decarboxylation of a tricarboxylic acid, which might be the 
primary product of oxidation, is considered unlikely because the 
decarboxylation of tricarboxylic acids requires a temperature of 
180° (9), whereas the temperature maintained during the oxida- 
tion process was only 100°. Fig. 4 shows the relationships of 
myonic acid (J and JJ) and its decarboxylated product (JJ and 
IV) to cinchomeronic acid (V). Representation as the hydroxy] 
form does not imply a preference over the carbonyl] form. 

A preliminary selection of possibilities of the positions of the 
carboxy] and hydroxy] groups in myonic acid can be made based 
on the following observations. The reaction of myonic acid 
with ferrous sulfate was negative but became positive with the 
sodium salt of myonie acid, a behavior paralleled by 6-hydroxy- 
picolinie acid and picolinic acid, although these latter substances 
produce more intense colors. As expected (9), the reaction be- 
tween FeSO, and nicotinic acid is negative in any medium. The 
nuclear magnetic resonance spectrum of myonic acid shows two 
broad signals centered about 551 cycles per second character- 
istic of a hydrogens in a pyridine ring. The signal at 472 cycles 
per second, being a doublet, is apparently caused by a meta 
hydrogen on the pyridine that is spin-coupled to one of the a 
hydrogens. The signal at 442 cycles per second is further up- 
field and its position suggests that this aromatic hydrogen is not 
a to hydrogen and not @ to the point of attachment of carboxy] 
group on a benzene ring. The signal is more characteristic of 
the shift encountered when a proton is a to a hydroxy! group. 
Together with the results of the Fet++ reaction, which indicates 
the presence of a carboxyl in @ position with respect to the N, 
this spectrum suggests that the structures 1-carboxy-3-hydroxy- 
2,6-naphthyridine or 1-carboxy-3-hydroxy-2,7-naphthyridine 
are those that conform best with the present information on 
myonic acid. 

The evidence accumulated thus far concerning the structure 
of the adenine myonic acid dinucleotide is illustrated in the 
formula given in Fig. 5, which accounts for the presence of one 
adenine as AMP in the molecule and the binding of this and 
myonic acid ribonucleotide by a pyrophosphate bond. The 
phosphate in the latter nucleotide appears to be attached in the 


? The naphthyridine ring system is numbered here according to 
The ring index (7) and Allen (8). In the latter, the name copyrine 
is listed first for 2,7-naphthyridine. 
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of myonic acid (J, JZ) and decarboxylated myonic acid (III, IV) 
with cinchomeronic acid (V). 
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Fic. 5. Tentative structure of adenine myonic acid dinucleo- 
tide. 


5’ position because the nucleotide forms a complex with copper, 
indicating that it contains neighboring hydroxyls. 


EXPERIMENTAL PROCEDURE 


Preparation of Muscle Extrac-—Twenty white New Zealand 
male rabbits weighing approximately 2 kg each were killed. 
The skeletal muscles were excised as rapidly as possible, frozen 
first in an ether-Dry Ice mixture, and then immersed in liquid 
air. The frozen muscles were ground to a powder with a corn 
grinder, and extracted with approximately 3 liters of hot water 
(85-90°) per kg of tissue. The extract was filtered through 
cloth, pressing with a cloth wringer. The protein precipitate was 
re-extracted four times with water at 85°, pooling all of the 
filtrates. The procedures that follow were carried out at 4°. 
The filtrate was adjusted to pH 4.8 by adding Dowex 50-H* resin 
and was allowed to stand 1 to 3 hours, after which the precip- 
itated protein was removed by filtration through Whatman No. 1 
paper. Saturated Ba(OH). solution was then added until the 
pH was 9.2, and the extract was then allowed to stand overnight. 
The solution was filtered through Whatman No. 1 paper, and 
the pH of the filtrate was adjusted to 6.8 with 5n H.SO,. The 
precipitate formed was removed by filtration (Whatman No. 42). 
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Chromatography—The clear filtrate obtained in the previous 
step (25 to 30 liters) was chromatographed in a cold room (4°) 
with Dowex 1 resin, using a modification of the gradient elution 
formic acid system (Type I) of Hurlbert et al. (2). A 35- x 
4.5-cm resin bed was used. The extract was passed through the 
column at a flow rate of 4 ml per minute followed by washing 
with 20 liters of water. 

An 800-ml mixing flask with magnetic stirrer was filled with 
water, and elution was begun with 4 liters of 1 m formic acid. 
This effluent was discarded. Elution was then carried out with 
4m formic acid at a flow rate of 2 ml per minute, collecting 50 
ml fractions. The absorbancy of each fraction at 260, 318, and 
366 my was determined, and the tubes containing myonic acid 
(maximum, 318 my) and the dinucleotide (maximum, 366 my) 
were collected. Usually, passage of 2 to 3 liters of 4 m formic 
acid was necessary before these substances were completely 
eluted. 

Charcoal Adsorption—The charcoal (Norit) was prepared by 
treatment in boiling 1 Nn HCl followed by successive washing in 
water, 4 m formic acid-0.2 mM ammonium formate solution, water, 
3% ammonia in 50% ethanol, water, and ethanol, and was then 
dried. Charcoal, 6 to 7 g, was added to the nucleotide solution, 
stirred, and filtered with suction. The filtrate was discarded. 
The charcoal cake was washed with approximately 500 ml of 
water, and the nucleotides were eluted with 1200 ml of a 3% 
solution of ammonia in 50% ethanol solution. The eluates were 
collected in approximately 30 fractions, analyzing each fraction 
spectrophotometrically. Those fractions in which the dinucleo- 
tide was the main component were separated from those in which 
myonic acid was the primary constituent and dried separately 
in a rotating evaporator. 

Rechromatography—Further purification was achieved by re- 
chromatography on a Dowex 1-formate column with ammonium 
formate as the eluent (type II of Hurlbert e¢ al. (2)). A 1- x 
20-cm column was used. The 400-ml reservoir was filled with 
water, and elution was carried out with 1 M ammonium formate 
at a flow rate of 0.5 ml per minute. Ten milliliter fractions were 
collected, and the absorbancy was determined at 260, 318, and 
366 mu. The desired fractions were pooled separately, adsorbed 
on charcoal, eluted, and dried. 

Acid Hydrolysis of Adenine Myonic Acid Dinucleotide—Myo- 
nosine phosphate was obtained after hydrolyzing the dinucleotide 
for 10 minutes at 100° in 1 Nn HCl followed by chromatography 
with isobutyric acid-NH;-H.O (66:1:33). Small amounts of 
myonic acid ribonucleoside (myonosine) can also be obtained 
by this procedure. Hydrolysis of the dinucleotide for 15 min- 
utes at 100° in 0.02 n HCl yielded a mixture of adenylic acid, 
myonosine phosphate, and around 30% of unhydrolyzed di- 
nucleotide. 

Enzymic Hydrolysis of Dinucleotide—Dinucleotide, 1 umole, 
in 0.3 ml of distilled water and 0.3 ml of washed particles of 
kidney cortex (3) were incubated at 37° for 20 minutes. A 
control experiment in which the dinucleotide was added after 
inactivation of the enzyme and a parallel experiment in which 
DPN was used as substrate were also run. The incubated 
mixtures were inactivated by addition of 1 ml of ethanol and 
centrifuged, and the supernatant solution was dried at low pres- 
sure over silica gel. The residue was chromatographed with 
isobutyric acid-NH;-H.O (66:1:33). The spots of adenylic 
acid and myonosine phosphate were eluted and analyzed spec- 
trophotometrically. 
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Purification and Crystallization of Myonic Acid—The fre 
myonic acid in the muscle extracts was isolated from those frag. | 
tions from the first Dowex 1-formate column in which there | 
was a well defined peak of absorbancy at 318 my. These frag. 
tions were pooled, adsorbed on charcoal, eluted with 3% an. 
monia in 50% ethanol, and concentrated in a rotating evaporator 
to eliminate most of the ammonia. 

The myonic acid bound in dinucleotide form was obtained 
after alkaline hydrolysis of this compound. To a solution of 9 
pmoles of the dinucleotide in 75 ml of water, an equal volume 
of saturated Ba(OH). was added and heated for 45 minutes jp | 
a boiling water bath. The solution was diluted to 1 liter and | 
passed through 12- x 1-em Dowex 1-chloride column (10). The | 
column was washed with 1 liter of distilled water, and the mate. | 
rial was eluted successively with 1-liter volumes of 0.002, 0.005, | 
0.01, and 0.05 Nn HCl. Myonic acid usually is eluted with 0.005 | 
N HCl whereas any remaining dinucleotide is eluted with 0.01 
nN HCl. After passage through the column, the former was 
concentrated to dryness in a rotating evaporator and dissolved 
in 5 to 6 ml of water by addition of 1 nN NaOH. From this solv- 
tion, myonic acid can be crystallized almost quantitatively by | 
adding 1 n HCl to pH 3 to 3.5. Crystallization at least four 
times is usually required to obtain a product the molecular / 
weight of which (acid equivalent) is in the range 191 to 194. 

Titration of Acid Group—A suspension of 36.9 mg of myonie | 
acid in 3 ml of water had a pH 3.78; potentiometric titration to 
pH 8.3 required 196.0 weq of NaOH. The initial suspension 
dissolved completely at pH 7.6. 

Hydrogenation—The catalytic hydrogenation of 0.278 mg of | 
myonic acid was carried out with a Warburg apparatus (11), | 
in borate buffer, pH 9.4, and in phosphate buffer, pH 4.6, with 
10 mg of PtO, as the catalyst. The determinations in borate 
and phosphate buffers showed hydrogen uptakes of 4.4 and 45 
umoles, respectively, per 190 ug. Experiments with decarboxyl- 
ated myonic acid resulted in an uptake of 4.3 ywmoles of H per | 
146 ug of the compound. | 

Preparation of Decarboxylated Myonic Acid—Myonic acid, § 
mg, was placed in a sublimation apparatus with a depositing 
surface cooled by running tap water. The operation was carried | 
out under a current of Nz which had been washed by passage 
through alkaline pyrogallol and H,SO,. Sublimation was per- 
formed at 290 to 310° for 3 hours, and 2.1 mg of decarboxylated 
compound was obtained (N: found, 18.7%. Calculated for 
CsH,ON2, 19.1%). The residue looked charred, and attempts 
to obtain more of the decarboxylated compound from it were 
not successful. 

Oxidation of Myonic Acid: Preparation of Cinchomeronic Acid— 
To 1.7 mg of myonic acid and 0.5 ml of 30% H.O2 (Superoxol, | 
Merck), 0.05 ml of 1 Nn NaOH was added, and the mixture then 
placed in a boiling water bath for 30 minutes. The oxidized 
product was dried under vacuum and subjected to paper elec- 
trophoresis (borate buffer, pH 9.2; 275 volts for 23 hours). The 
main spot ran with the dicarboxylic standards, (2 ,3-; 3,4-; 3,5; 
2,5-pyridine dicarboxylic acids) and in front of the monocar- 
boxylic acids (2-, 3-, and 4-pyridine monocarboxylic acids). 
This spot was eluted and compared with cinchomeronic acid by 
paper chromatography (both have to be applied to the paper it | 
solutions at exactly the same pH) with these solvents: 85% | 
ethanol; isobutyric acid-NH;-water (66:1:33), pH. 37; and 
ethanol; ammonium acetate (7:3), pH 7.5. 

Copper Complexes of Myonic Acid and Myonic Acid Mon- 
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nucleotide—These were done and determined as described 
previously (4). Of each compound, 2 wmoles were used. Ab- 
sorbancies at 440 my were: myonic acid, 680; myonic acid mono- 
nucleotide, 1440. 

Preparation of 6-Hydroxypicolinic Acid —6-Aminopicolinic 
acid (m.p. 314°) was prepared following essentially the method 
of Robins and Hitchings (12) for the preparation of 2-amino- 
nicotinic, but with 6-amino-2-picolinic (obtained from K and K 
Laboratories, Inc.) as starting material. 6-Aminopicolinic acid, 
5g, was added to 100 ml of 30% sulfuric acid, cooling the mix- 
tureto 10°. To this was added slowly a solution of 8 g of sodium 
nitrite in 50 ml of water, maintaining the temperature at 10°. 
The mixture was then warmed to room temperature and allowed 
to stand for 4 hours. The pH was adjusted to 5, and the pre- 
cipitated 6-hydroxypicolinic acid was then filtered. After re- 
crystallization from water, the m.p. was 280° with decarboxyla- 
tion yielding 2-hydroxypyridine, m.p. 105°, in agreement with 
the reported value of 107° (13). 


SUMMARY 


Rabbit muscle contains a dinucleotide composed of 5’-phos- 
phoribosyl adenine and 5’-phosphoribosyl myonic acid joined 
in pyrophosphate linkage. Myonic acid (CsHsN203, m.p. 330- 
334°) appears to be a derivative of either 2,6- or 2,7-naph- 
thyridine. The isolation, purification, and properties of the 
dinucleotide, the myonic acid mononucleotide, and of myonic 
acid are described. 
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A two-dimensional “mapping” procedure (1) with paper 
electrophoresis and paper chromatography permits the separa- 
tion and identification of the mono-, di-, tri-, and tetranucleotides 
obtained by digestion of tobacco mosaic virus ribonucleic acid 
with pancreatic ribonuclease (2). This procedure has also been 
used for the analysis of micrococcal nuclease digests of deoxy- 
ribonucleic acid (3) by the quantitative comparison of the major 
compounds found in incomplete as well as complete digests. 
Studies of this type afford a closer analysis of the hydrolytic 
activity of the nuclease than is possible if only the products of 
exhaustive digestion are examined. 

This report describes the investigation of partial pancreatic 
ribonuclease digests of ribonucleic acid from tobacco mosaic 
virus and from yeast. The results indicate that certain ribo- 
nuclease-sensitive bonds are cleaved much earlier in the course of 
digestion than others. 


EXPERIMENTAL PROCEDURE 


Reagents and Materials—All spectrophotometric data were ob- 
tained in silica cells with a 1-cm light path in a Beckman model 
DU spectrophotometer and are expressed as absorbancy (A). 
A Leeds and Northrup meter equipped with microelectrodes was 
used for the pH determinations. For paper chromatography 
with Whatman No. 3 MM paper, two solvents were used, Solvent 
A (isopropanol-concentrated NH,OH-H.O (7:1:2 by volume)) 
and Solvent B (40 g of (NH,)2SO, added to 100 ml of 0.1 m sodium 
phosphate, pH 7.0). 

For rechromatography, spots were located under ultraviolet 
light, cut out pointed at one end, and eluted with water or buffers 
as indicated. After chromatography with Solvent B, the 
separated spots were eluted in test tubes, and the ammonium 
sulfate removed by Norit A charcoal treatment (4) before 
rechromatography. Escherichia coli alkaline phosphatase (5)! 


* A preliminary report was presented at the Meeting of the 
Federation of American Societies for Experimental Biology at 
Atlantic City, April 1961. This investigation was supported in 
part by a research grant, E-634, from the National Institute of 
Allergy and Infectious Diseases, National Institutes of Health, 
United States Public Health Service. 

+ Present address, Laboratory of Biochemistry, National 
Cancer Institute, National Institutes of Health, Public Health 
Service, United States Department of Health, Education and 
Welfare, Bethesda 14, Maryland. 

1 We are grateful to Father Donald J. Plocke, Harvard Medical 
School, Peter Bent Brigham Hospital, Boston 15, Massachusetts, 
for a gift of this enzyme preparation. 


was used in 0.1 m Tris-HCl, pH 8.3, for 6 hours at room tempera. 
ture (23-26°) for removal of the terminal 3’-phosphate. Snake 
venom diesterase,? refractionated to remove 5/’-nucleotidase 
activity (6), was used to hydrolyze oligonucleotides. 

RNA—TMV-RNA‘ was obtained by the phenol procedure (7), 
Yeast RNA was isolated from pressed cakes of bakers’ yeast 
(Anheuser-Busch) by treatment with detergent (8). The frac. 
tion insoluble in m NaCl was then extracted once with phenol as 
in the procedure used for TMV-RNA. After alkaline hydrolysis, 
the ratio of the constituent nucleotides in this yeast RNA was 
found to be 25.5:28.2:20.5:25.1:0.6 for Ap:Gp:Cp:Up:pseudo- 
Up. Comparable amounts of pseudouridylic acid (9, 10) in 
high molecular weight yeast RNA have been reported (11). 
A 0.1% solution of this RNA in water at neutral pH was cal- 
culated to have an A of 24.3. A complete digest with RNase 
yielded no detectable adenylic or guanylic acid. 

Base Ratios of Yeast RN A—These were determined by alkaline 
hydrolysis followed by paper electrophoresis (2) with 0.02 
ammonium formate, pH 3.5, as previously described (12). The 
amount of pseudouridylic acid was determined after resolution 
from uridylic acid by paper chromatography with Solvent A (13), 
with authentic material‘ as a standard. 

Digestion of RNA with Pancreatic RNase*—In a representative 
experiment, 40 ml of yeast RNA at 10 mg per ml, 0.4 ml of 
RNase (0.1%, in water), and 1.2 ml of m sodium phosphate 
(pH 6.9), were held at 23-26° for varying lengths of time. For 
samples of incomplete digestion, 10 ml aliquots were withdrawn 
at various times, and enzyme action halted by stirring for 10 
minutes with an equal volume of water-saturated (at 3°) phenol. 
The solution was centrifuged, and the aqueous phase was ex- 
tracted three times with 2 volumes of ether. The phases were 
then separated by centrifugation, and the aqueous phase was 
lyophilized. 

To check for the presence of phenol, aliquots of the lyophilized 
digests were subjected to paper chromatography with Solvent A 
in which phenol moves with the solvent front. Phenol was not 
detectable. 


2 Obtained from Crotalus adamanteus venom from Ross Allen’s 
Reptile Institute, Silver Springs, Florida. 

3 The abbreviation used is: TMV, tobacco mosaic virus. 

4 We are grateful to Dr. W. E. Cohn, Oak Ridge National Lab- 
oratory, Oak Ridge, Tennessee, for a gift of authentic pseudo- 
uridylic acid. 

5’ Pancreatic ribonuclease (twice recrystallized) was obtained 
from Worthington Biochemical Corporation, Freehold, N. J. 
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For a sample of a completed enzymatic digest, a 10 m! aliquot 
of the RNA solution and 4 ml of 0.1% RNase solution were held 
at room temperature for 7 hours and then lyophilized. 

To establish that no loss of mono- or oligonucleotides occurred 
during phenol extraction, an aliquot of a completed RNase digest 
was treated with phenol and resolved by the two-dimensional 
procedure. The amounts of the isolated compounds were then 
compared with those in which the digest was applied directly to 
the paper without prior phenol treatment. No significant dif- 
ferences were found. 

Mapping of RNase Digests—Aliquots of the lyophilized digests 
were dissolved in water and subjected to chromatography and 
electrophoresis as previously described (1). Contact prints of 
the maps were prepared as described by Smith and Allen (14). 
The amount of RNA so analyzed was determined from the A 260 
of an alkaline hydrolysate of each digest, with an A 29 of 32.5 (2) 
and 31.5 for 0.1% solutions of TMV-RNA and yeast-RNA, 
respectively, in N KOH. 

Identification of Nucleotides and Oligonucleotides Isolated on 
Maps—The qualitative identification of the compounds found on 
maps of complete pancreatic RNase digests of TMV-RNA has 
been described (1). The intermediates found in incomplete 
digests were identified as follows. 

(A) 2’, 3’-Cyclic Terminal Phosphate Derivatives of Pyrimidine 
Mononucleosides and Oligonucleotides with Corresponding Cyclic 
Terminal Phosphates—Corresponding areas from several maps of 
the same incomplete digest were eluted for rechromatography 
and treated with either 0.1 N HCl or 0.1% RNase (0.03 m sodium 
phosphate, pH 6.9, for 6 to 8 hours, room temperature) and then 
subjected to paper chromatography with Solvent B together with 
untreated aliquots of the water eluates. The separated com- 
pounds were eluted with 0.1 Nn HCl and their absorbancy ratios 
at Ao59:A 260, A280:A 260, ANd Ao99:A 269 determined. 

The stability of the pyrimidine mononucleoside 2’, 3’-cyclic 
terminal phosphates during the treatment described above was 
established by removing aliquots from the RNA-RNase solution 
before phenol extraction, and subjecting them to paper chro- 
matography with Solvent A. The single spot containing U- 
cyelie-p and C-cyclic-p was then eluted for several hours with 
0.1 n HCl, and the amount of Up and Cp determined from the 
Agg. and Avg values (15). These values were compared with 
those resulting from elution of the U-cyclic-p and C-cyclic-p 
spots from the maps of the same digest after phenol extraction 
and lyophilization. The two sets of values agreed within 9%. 

(B) Oligonucleotides—As a representative example, ApUpU- 
eyclic-p and ApUpUp were identified in the following manner. 
The corresponding resolved spots from several aliquots of the 
same digest were eluted for rechromatography. Aliquots were 
treated with 0.1 N HCl for 3 hours at room temperature and then 
rechromatographed with Solvent B, together with the untreated 
eluate. The latter was separated into four spots. From the 
acid-treated aliquot, only two spots were isolated. They moved 
with the same Ry as two of the spots from the untreated water 
eluate, indicating acid hydrolysis of cyclic terminal phosphate 
groups. After elution with 0.1 N HCl for several hours at room 
temperature, spectrophotometric identification by the absorption 
ratios (see above), as well as the position of the spots on the map, 
indicated the presence of, originally, (ApUpU-cyelic-p), (Ap- 
UpUp), (CpUpU-cyelic-p), and (CpUpUp), in the order of 
increasing Ry values in Solvent B (Table IV). The pooled acid 
eluates tentatively identified as (ApUpUp) were freed of am- 
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monium sulfate by treatment with charcoal, and subjected to 
paper chromatography with Solvent A. The single spot obtained 
(recovery in terms of Asse = 76%) was eluted for rechroma- 
tography with 0.1 m Tris-HCl, pH 8.3. This eluate was then 
treated with Z. coli phosphatase and the dephosphorylated com- 
pound isolated by rechromatography with Solvent A, and then 
hydrolyzed by snake venom diesterase (6). The hydrolysate 
was subjected to paper chromatography with Solvent A, and the 
isolated compounds consisting of two nucleotides and one 
nucleoside could be identified spectrophotometrically. ° 

For the quantitative determination of nucleotides and oligo- 
nucleotides, the spots on the maps were eluted as previously 
described (1) and the total Ag in 0.01 n HCl determined for 
each. Duplicate determinations were made. When more than 
one component was present, the amounts of each per mg of RNA 
were calculated from the ratio in which they were found after 
rechromatography with Solvent B. The theoretical extinction 
coefficients were used, neglecting the hypochromic state of the 
oligonucleotides. The absorbancy of each 2’,3’-cyclic terminal 
phosphate compound was assumed to be that of the correspond- 
ing 3’-phosphate compound. 


RESULTS 


The pattern of spots obtained after the various periods of 
digestion with RNase are shown in Fig. 1. They were identified 
by comparison with a standard map on which the compounds had 
been identified by appropriate analyses (1). Previously un- 
identified spots, such as those present in partial digests and absent 
from complete digests (compare Fig. 1 a to d with Fig. 1 e), were 
analyzed as described in ‘Experimental Procedure” (Table I). 

Comparable spots of both ribonucleic acids exhibited the same 
Ao50:A 260, A280:A260, ANd A 2992260 ratios at pH 2and 7. Hence, it 
appears that RNase digestion of RNA from either source yields 
the same compounds. However, quantitative values for compo- 
nents of the digests of the two nucleic acids are clearly different 
and the amounts released at different stages of digestion of each 
RNA are listed in Tables II and III. In each case, oligonucleo- 
tides containing one or more purines and a terminal pyrimidine 
are released by the enzyme earlier than the pyrimidine mono- 
nucleotides themselves; furthermore, there is a considerable ac- 
cumulation of pyrimidine dinucleotides (e.g. UpUp and CpUp) 
late in the course of digestion. 

Tables II and III also show that cytidylic acid is released 
before uridylic acid as also shown by Reddi (16). For example, 
at Stage 3 of yeast RNA digestion (Table II) about 74% of the 
cytidylic acid, but only 36% of the final amount of uridylic acid, 
is present. Further indications of a slower rate of release of 
terminal uridylic than cytidylic acid can be derived from the 
other data for this stage. The ratio of CpUp to UpCp is about 
7:1, and although there is a substantial amount of UpUp present, 
no CpCp is detectable. 

The various compounds located on the maps were eluted and 
then subjected to paper chromatography in Solvent B (buffered 
ammonium sulfate). This procedvfre separates the 2’ ,3’-cyclic 
terminal and 3’-phosphate forms; because it requires appreciable 
amounts of RNA, this analysis was performed only with the more 
readily available RNA from yeast (Table IV). In each case, the 
cyclic intermediates were identified by their conversion by acid or 
RNase to the corresponding 2’- and 3’-, or 3’-phosphate com- 
pounds, respectively. 

The relative amount of the 3’-phosphate form for a given com- 








Fic. 1. Various stages of yeast RNA digestion (in 0.03 m sodium 
phosphate, pH 7.0, at 25°) by RNase. The contact prints corre- 
spond to the stages as listed in Table II. a. Stage 1, RNA, 4.8 
mg, digested for 20 seconds at an enzyme to substrate ratio of 
1:1000. 6. Stage 2, RNA, 3.9 mg, digested as in a, but for 5 min- 
utes. c. Stage 3, RNA, 4.0 mg, digested as in a, but for 80 minutes. 
d. Stage 4, RNA, 3.6 mg, digested for 6 hours at an enzyme to sub- 


pound at different stages of digestion is listed in Table V. The 
compounds terminating in cytidylic acid residues were found to 
be converted from the 2’ ,3’cyclic to the 3’-phosphate form at a 
faster rate than the corresponding uridylic acid compounds. 
For example, when only 24% of ApCp is in the cyclic inter- 
mediate form, 53% of ApUp is still in this state (Table V, Stage 
2). Similar ratios appear when the percentages of cyclic terminal 
phosphates for GpCp and GpUp and other pairs of compounds 
are compared. 

The RNase hydrolysis of synthetic 1:1 mixtures of Up,U- 
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strate ratio of 1:40. e. Complete digest, RNA, 3.4 mg, digested 
for 8 hours at an enzyme to substrate ratio of 1:25. It should be 
noted that this two-dimensional procedure does not separate the 
2’,3’-cyclie terminal and the 3’-phosphate forms of compounds 
containing 2 or more bases; for instance, GpUp and GpU-cyelic-p 
would be found in the same spot. 


GpUp 


eyclic-p, and of Cp,C-cyclic-p obtained from the maps was 
also investigated (Table VI) (17). 

Although the conversion of the cyclic terminal phosphate to 
the corresponding 3’-phosphate form of either pyrimidine was 
not complete after 23 hours at room temperature and 1:100 
enzyme to substrate ratios, the Cp derivatives were hydrolyzed 
at a faster rate than the corresponding Up compounds, in agree- 
ment with the data obtained in partial yeast RNA digests. A 
comparable enzymatic hydrolysis (in terms of the release of 
oligonucleotides) of yeast RNA required an enzyme to substrate 
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TaBLeE [| 


Identification of intermediate compounds* found in pancreatic 
RNase digest of yeast-RNA and TMV-RNA 
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TaB_e III 


Amounts of nucleotides and oligonucleotides found in incomplete 
RNase digests of TMV-RNA 

















Compound (Enzymatic treatmentt Ratio of products obtained 
UpUp...---- BAP, OH- Uridine to. pU = 1.0:1.0 
CpUp...---- BAP, OH- Cytosine to pU = 1.0:1.1f 
UpCp...---- BAP, OH- Uridine to pC = 1.0:0.8f 
ApUpUp BAP, SVD Adenosine to pU = 1.0:2.2 
CpUpUp BAP, SVD Cytosine to pU = 1.0:1.8 
GpUpUp BAP, SVD Guanosine to pU = 1.0:2.3 





* The compounds were eluted with 0.1 n HCl from the papers, 
or subjected to 0.1 n HCl during the charcoal treatment after 
paper chromatography with Solvent B. 

+ The abbreviations used are: BAP, bacterial alkaline phospha- 
tase; OH, alkali; SVD, snake venom diesterase; for a description 
of enzymatic treatment with these, see the text. After paper 
chromatography with Solvent A, the nucleosides and nucleotides 
were eluted with 0.1 or 0.01 n HCl and identified spectrophoto- 
metrically. 

t The ratios of cytidylic to uridylic acid in the mononucleotide 
spot and of uridine to cytidine in the nucleoside spot were de- 
termined from the A 252:A a7 ratios (15). 


TaBLeE II 


Amounts of nucleotides and oligonucleotides found in incomplete 
RNase digests of yeast-RNA 














Complete digest 
Compound “Steet” Stage 1 Stage 2 Stage 3 | Stage 4 
(See Fig. | (See Fig. | (See Fig. | (See Fig. 
1a) 1b) 1c) 1d) 
mymole/ % % % oO 
mg RNA ‘0 ‘oO 0 70 

Me efacarinc:soisiv occ 321 4 29 36 98 
BERNIE ii vigieie oe vines 228 9 65 74 100 
MIR ees kee are 55 47 84 100 100 
eee 60 56 75 91 100 
ere 43 69 95 98 100 
EE teers: 58 38 89 94 100 
ee 20 94 96 100 
@eGayUp........... 40 97 100 100 
re 18 87 94 100 
ae 19 73 88 100 100 
WeyON......5.... 26 96 98 100 
ERR ae 0 4.1f 21f 25t 0 
| ee eee 0 10t 29T 25T 0 
ok eer See 0 3.4f 0 
ae 0 13f 0 0 




















* Digestion conditions—Stage 1. 
0.1 ml (0.1%), 25°, 20 seconds. Stage 2. Same as Stage 1, but 
5minutes. Stage $. Same as Stage 1, but 80 minutes. Stage 4. 
RNA, 100 mg; RNase, 2.5 ml (0.1%), 6 hours. 

Complete digest—RNA, 100 mg; RNase, 4 ml; 8 hours. All 
digestions were run in 0.03 m sodium phosphate, pH 6.9. The 
accuracy of these determinations is better than +5%. The 
amounts of all the compounds in this table were obtained with 
the theoretical extinction coefficients as described previously (2). 

+The amounts of the intermediate compounds are listed in 
millimicromoles per mg of RNA. 


Yeast-RNA, 100 mg; RNase, 




















Complete digest 
Compound a 
Stage 1 Stage 2 Stage 3 

mnt! -% % % 
NR LB eo Sksew eae 385 8 30 53 
Ca Ree acivhiek 250 17 60 88 
Ae eS 84 43 73 79 
pe ee 81 28 45 86 
(7 Sere ere 72 29 68 98 
Re eas cise cmiseniiewn 63 33 69 88 
DI e545 eerste 68 28 48 64 98 
(ABGOIUD:. «05. oiccccnss 49 38 75 84 
(ABGBVOD «<2 0.5. csseen 60 90 85 
oe 12 49 89 90 
Cole, Upp. .......... 0 22t 29+ 
J 2h Se ae ere 0 22t 
po ee 0 5.3T 
oh 0 8.57 
en) 0 6.5 











* Digestion conditions—Stage 1. 
(0.1%); 25 minutes at about 25°. 
0.025 ml; 60 minutes. Stage 3. RNA, 9 mg; RNase, 0.2 ml; 3 
hours. All digestions were run in 0.03 m sodium phosphate, pH 
6.9. The amounts of all the compounds in this table were ob- 
tained with the theoretical extinction coefficients (2). 

{+ The amounts of the intermediate compounds are listed in 
millimicromoles of compound per mg of RNA. 


RNA, 10 mg; RNase, 0.01 ml 
Stage 2. RNA, 28 mg; RNase, 


ratio of only 1:1000 for 80 minutes at room temperature (Table 
II, Stage 3). 

We did not investigate the stability of cyclic terminal phos- 
phate derivatives of oligonucleotides under the conditions of the 
first part of the mapping procedure, t.e. during paper electro- 
phoresis at pH 2.7 for about 18 hours at room temperature. 
From the behavior of the pyrimidine mononucleoside cyclic 
terminal phosphates, it would seem that the former compounds 
should be quite stable; it can be seen in Fig. 1, a and b, and the 
first column of Table V that Cp and Up are scarcely detectable in 
the early stages of digestion. If the cyclic forms were unstable, 
the corresponding 3’-forms would have been present as well. 
Fig. 1, c and d show both forms of each nucleotide and also 
illustrate the conversion of one to the other. 


DISCUSSION 


Pancreatic ribonuclease (18) catalyzes the cleavage of strictly 
defined internucleotide bonds, namely those between the 3’- 
pyrimidine nucleoside phosphoryl groups and the 5’-hydroxy 
groups of the adjacent purine or pyrimidine nucleotide groups 
(19, 20). The isolation of the enzyme in crystalline form (21) 
facilitated a large amount of work on the action and specificity 
of this enzyme, the results of which have been summarized by 
Schmidt (22), and more recently by Dekker (23). The major 
components of complete RNase digests of RNA (mono-, di-, tri-, 
and tetranucleotides) were successfully separated by Volkin and 
Cohn (24) by ion exchange chromatography, and by Markham 
and Smith (25) by electrophoresis. The latter authors also iso- 
lated small amounts of cyclic-terminal pyrimidine di- and tri- 
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TaBLe IV mononucleotides, so that the formation of cyclic-terming] one 
Relative Ry values of nucleotides and oligonucleotides eluted from polynucleotides by enzymatic transfer could be excluded. sho 
maps and submitted to paper chromatography with buffered In addition to confirming results previously reported by A 
ammonium sulfate* others, our quantitative comparison of the amounts of the major oti 
clea 
Compound Rr ——— ve 
aS. 2: wadnae ten a tees. chennteaaean 1.0 Relative amounts of 3'-phosphates and 2',3'-cyclic terminal mor 
AS .  Meccaceenice eis hace ow ae eset vksehigka nee 2.9 phosphates at different stages of digestion of yeast-RNA Upl 
Mg oro tees s 5 ing thas cea Cbeee nb keewnanenne 2.3 with pancreatic RNase* inhi 
Cp.. iS ah seat al RAN 9. SA SR otale PEAS ea SHS A Sa Rarer 3.2 | 3'-Phosphate formt Smi 
UI sar ora. ves tras 45 cae beieaiace MoE See 2.5 oe dige 
GpUp SE aI GIANG aan ore accbmae bs ohn clon 0 tated ests: da hgh dates 1.8 Stage 2 | Stage 3 Stage 4 so 1 
MN arta rn ets Ceres deta snnerweer’ 0.95 Set eee sakes 
RS er eae yo ire nik. ot) CN ae 1.1 % | % % wer 
ONE 5 lloras Rl ro os ein cstiin hae Hes | 0.45 Me antes oe el eens eee ee 10 | 27 49 cyel 
IN Eada RiSin vibe x alee Otten Pa tacze Sade ee 22 I koe shsovincan dunk tae Bas Seu 13 | 62 92 cont 
SS eee eee ee ae 2.7 GpUp as 58 81 befo 
UpC cyclic Re Sore et | La pct er Se er 2.0 NE a ao craernccis earl hee 47 78 con 
MND Lesa seat el ob eos is Stk Saat 6 SL's ic RAO ORS 1.2 NN a ci: ga ait olin oh abieiiee 76 | 96 0 
a soe ea AN eee eT 0.46 (|S Ree Ie eee ee 5 75 | 98 cons 
ras Bee is hora asta evans ics Ald too'gibowndtcios aa 7 | SSS a Ctr te 42 75 usec 
I as ot c= ais eee hi ties aliens on sees ee IIB os Sica aon Wed Glee 55 82 nine 
D1 GR ERs Eis Sg a a eC ae 0.50 RE nee 7 | 100 [ intl 
ApApU-cyclic-p................ Bet. + ot rae 0.16 NUE. c.cce oy seen roe 76 98 , tg 
OE OC Fa ae 0.80 IR He s-i Ss ~ 
ONS CRORE 9 a ee, 1.05 OS SE eee ne ee 21 | 35 wes 
CONE 38 6 ace edn kd Se IR 0.32 | = 
RE fee See | Le eR ST Ter 1.24 * The 2’,3’-cyclic and 3’-phosphates were separated by paper poss 
Cn Oe oars ch Oe 2k i Rages trails chromatography with Solvent B, followed by elution and spec- been 
PN hig oa sa a ese 1 ROU 0.55 trophotometry; for the absolute amounts in which these com- Tl 
I es se sos sR ae Sys Has Aaes 0.19 pounds were found at each stage, see Table II. For the identifi- | bone 
WI 3s ds xeveintien Ate el ial 0.78 cation of the 2’,3’-cyclic phosphate compounds, see text. sitio 
EO OE eects Reds ar eae Maa 0.38 + The amount of 3’-phosphate compound found at each stage | owe 
RIN Ne eget naa cp a pa hinc wis wis aa ae aeee 2.8 is expressed in terms of the percentage of the sum of the 2’,3’- we 
I 6 os iis sacha ner Suk eS oAk es eR 6 . cyclic and 3’-phosphates. For example; at Stage 2, 10% of the a 
LS ttel AES Pe rac ea RE 1.4 total amount of Up was present in the 3’-phosphate form, and — 
I oo ie ae da aia at adele wth ce ones 0.80 90% in the 2’,3’-cyclic phosphate form. defin 
IRIN Marae Is. 5.4.55 She a ys wins) v4 5 4 tienes sees 2.4 
CpUpU-cyclic-p......... DE ig latest ear tr er 1 Bae 1.5 TABLE VI : I 
pS VC eR 0.48 ; reas a Bw 
a ‘ Hydrolysis of 2',3’-cyclic phosphates of uridine and '  tbor 
PN 85 BOP ire ele ee ches 0.10 cotidine: ty Riess ns 
* All Rp values were calculated relative to that of adenosine | ¥-Thewphate tent and | 
3’-phosphate. The solvent system (Solvent B) consisted of 40 ae Bh | more 
g of ammonium sulfate dissolved in 100 ml of 0.1 m sodium phos- ae (by weight) | 9 | 2|4 17] 2B than 
phate at pH 6.9. | hour | hour |hours hours} hours |hours|hours | acid 
l%\%|%|%| % |%|% | and 
nucleotides, as well as larger quantities of cytidine-2’,3’-phos- UP, U-cyclic-p...| —1:625 ” 54 | omy 
phate and uridine-2’,3’-phosphate from incomplete enzymatic CP» C-cyclic-p....;  1:600 | 62 | 6; fy ata 
. " 3 ae . . Up, U-cyclic-p.... 1:100 | 51 | 56 | 59 | 62 76 | 
digests. It was postulated that the initial products of digestion Cn Cail, 1:100 | 62| 71 | 75 | 79 93 | he 
were cyclic-terminal pyrimidine polynucleotides which upon Up U- — cli aa -. 1:100 48 | 62 73 4 valus 
further hydrolysis were converted, via a 2’,3’-cyclic intermediate Cp, Sandon. | 4100 54 | 80 8 | 
stage, to the corresponding 3’-mononucleotides. The hydrolysis Up, U-eyclic-p. . 1:10 | 51 | | 100 ce | 
of the cyclic pyrimidine mononucleotides was thus observed to be Cp, C-cyclic-p....| 1:10 | 62 | | 100 
much slower than that of the internucleotide linkages (25, 26). Up, U-cyclic-p...| No enzyme, 51 | | | 55 
Later work by Heppel, Whitfeld, and Markham (27) showed that Cp, C-cyclic-p....| No enzyme) 62 | 67 


cyclic-terminal polynucleotides could be synthesized enzymati- 
cally from cyclic-terminal mononucleotides. However, Heppel 
and Kaplan (28) were able to isolate cyclic-terminal pyrimidine 
dinucleotides from incomplete RNase digests of RNA before the 
appearance of detectable cyclic-terminal pyrimidine mononucleo- 
tides. Also, Heppel et al. (29), using synthetic polynucleotides, 
showed that cyclic-terminal polynucleotides were found in such 
RNase digests before the appearance of much cyclic-terminal 














s The mixtures were obtained by pooling appropriate eluates 


from maps. 


+ After various times of digestion in 0.1 m sodium phosphate, 
pH 6.9, at 23-26°, in the presence of chloroform, aliquots were 
withdrawn and subjected to paper chromatography with Solvent 
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compounds found in incomplete and complete RNase digest 
shows several other points. 

Above all, the quantitative determination of the oligo- and 
mononucleotides present at various stages of digestion shows 
clearly that oligonucleotides containing one or more purine and 
the terminal pyrimidine are released earlier than the pyrimidine 
mononucleotides (25, 28, 29). Our finding of the dinucleotide 
UpUp together with Up may be the result of more product 
inhibition in our experiments than in those of Markham and 
Smith (25). The latter performed their experiments with RNase 
digestions in cellophane bags which were simultaneously dialyzed, 
so that the smaller oligonucleotides were, thus, continuously 
removed. Under these conditions, they observed only UpU- 
cyclic-p in the presence of Up, but no UpUp. From this, they 
concluded that the internucleotide link in UpU-cyclic-p breaks 
before the cyclic phosphate bond so that all UpU-cyclic-p was 
converted to U-cyclic-p before the formation of any Up. 

Our particular digestion conditions, the different ratio of the 
constituent bases as well as the nucleotide sequence of the RNA 
used in this study, may also explain the finding of pyrimidine 
mononucleotides (mostly in the cyclic-terminal phosphate form) 
in the earliest stage of digestion and before pyrimidine dinucleo- 
tides are present (Fig. 1, a and b, Tables II and V). The low 
concentrations of the 2’,3’-cyclic pyrimidine mononucleotides 
present during the course of enzymatic digestion preclude the 
possibility that the pyrimidine dinucleotides found may have 
been formed in part by resynthesis (27). 

Thus, although the hydrolysis of a particular phosphodiester 
bond depends on a number of various factors such as base compo- 
sition, substrate concentration, product inhibition, and others, a 
survey of the enzymatic course of action of a crystalline enzyme 
provides a step toward the understanding of its mechanism. A 
further analysis would require kinetic studies with a variety of 
defined and homogeneous substrates. 


SUMMARY 

In partial and complete pancreatic ribonuclease digests of 
ribonucleic acid from tobacco mosaic virus and from yeast, 
examined by a quantitative two-dimensional chromatographic 
and electrophoretic procedure, oligonucleotides containing one or 
more purines and the terminal pyrimidine are released earlier 
than the pyrimidine mononucleotides themselves. Cytidylic 
acid is released earlier than uridylic acid; and with both mono- 
and oligonucleotides, the cytidylic acid-terminal compounds are 
converted from the 2’,3’-cyclic phosphates to the 3’-phosphates 
at a faster rate than are the corresponding uridylic acid forms. 
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Formaldehyde has been used extensively for chemically mod- 
ifying proteins and for inactivating toxins and viruses, although 
the precise mode of its action is little understood. In the case of 
tobacco mosaic virus, however, Fraenkel-Conrat (1) and Stae- 
helin (2) have shown that inactivation of the virus is due to inter- 
action of formaldehyde with the amino groups of adenine, 
cytosine, and guanine in the ribonucleic acid component. Fraen- 
kel-Conrat has suggested that the products of formylation are 
Schiff bases, of the type R — N = CHe. Recently, Hoard has 
shown by means of a formol titration that the amino group of 
cytidylic acid combines with one molecule of formaldehyde in the 
limit of high formaldehyde concentration, which is consistent 
with Fraenkel-Conrat’s suggestion (3). 

Fraenkel-Conrat (1), Staehelin (2), and Zamenhof et al. (4) 
have all reported that native DNA from several sources does not 
react with formaldehyde under the same conditions used for the 
reaction with RNA. The conclusion drawn was that amino 
groups involved in hydrogen bonds do not react with formalde- 
hyde. If this is true, then the extent of reaction of a particular 
nucleic acid with formaldehyde, for a given set of experimental 
conditions (pH, temperature, ionic strength, and formaldehyde 
concentration) should reflect quantitatively the fraction of amino 
groups involved in hydrogen bonds. 

It has recently been demonstrated that the temperature 
dependence of the rate of reaction with formaldehyde is con- 
siderably greater for TMV!-RNA than for a mixture of the con- 
stituent mononucleotides. Qualitatively this has been explained 
on the basis of thermal rupture of hydrogen bonds in the intact 
nucleic acid at elevated temperatures, which make the amino 
groups more accessible to the reagent (5). 

In view of these considerations, the present work was under- 
taken to explore the possibility of using the reaction with formal- 
dehyde as a quantitative measure of the fraction of hydrogen 
bonded amino groups in nucleic acids. First, we consider in 
detail the effect of temperature and ionic strength on the rate of 
reaction of formaldehyde with mono- and polynucleotides. This 
leads to a hypothesis concerning the mode of action of formalde- 
hyde which is tested and verified in the following section. Fi- 
nally, this information is used to establish conditions for deter- 
mining the helical content of TMV-RNA. The results of such a 
determination are compared with other estimates. 


EXPERIMENTAL PROCEDURE 


Synthetic polynucleotides were prepared from the correspond- 
ing nucleoside diphosphates with polynucleotide phosphorylase 
1 The abbreviations used are: TMV, tobacco mosaic virus; poly 


A, polyadenylic acid; poly U, polyuridylic acid; poly I, polyino- 
sinie acid; poly C, polycytidylic acid. 


from Azotobacter vinlandii purified through the calcium phosphate 
gel step by the method of Grunberg-Manago et al. (6). Formal. 
dehyde containing 12% methanol (Mallinckrodt Analytical 
Reagent) was used without further purification, since identical 
results were obtained with material that had been redistilled to 
remove the methanol. 

For determination of the rate constants, the fraction of amino 
groups unreacted as a function of time is required. For first 
order reactions, the rate constant k is defined as (d In C,/Co) /dt, 
in which C; is the concentration of reactant groups remaining at 
time t, and Co is the total concentration of reactant groups. The 
fraction C,;/Co for the reaction of amino groups with formalde- 
hyde is given by (A, — Az)/(A,, — Ao), in which A, — Ap is the 
total absorbancy change at a given wave length, and A; is the 
absorbancy at that wave length at time ¢. A is equal to «Cb, 
in which ¢ is the molar extinction coefficient, C the concentration 
in moles per liter, and 6 the optical path length in centimeters. 
Under the conditions specified, the reaction is first order with 
respect to amino groups, as shown by the linearity of plots of 
In (A, — A,)/(A, — Ao) against time. 

Rate constants were obtained as follows: 2.7 ml of the mono- or 
polynucleotide solution in 0.12 m potassium phosphate buffer, pH 
6.8, was allowed to equilibrate in a glass-stoppered cuvette in the 
thermostatted cell chamber of a Beckman model DU spectro- 
photometer. Of the stock formaldehyde solution, 0.2 ml was 
then added, and the absorbancy recorded at one or two specified 
wave lengths at regular intervals until the reaction was complete, 
as judged by constant absorbancy readings. For several of the 
slower reactions, after recording the absorbancy increase for 
several hours, the chamber temperature was raised briefly to 
accelerate completion of the reaction. The formaldehyde con- 
centration in all kinetic experiments was 2.76 gm per dl. 
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Rate of Reaction of Formaldehyde with Mononucleotides—Fig. | | 


shows the ultraviolet absorption spectra of equimolar solutions 
of 5-deoxyribomononucleotides of adenine (dAMP), cytosine 
(dCMP) and guanine (dGMP), and their formaldehyde adducts. 
In each case, addition of formaldehyde produces a slight hyper- 


chromic shift and, with the exception of the 235-mp peak of | 


dCMP, moves the wave length of maximal absorption 3 to 4 mp 
to longer wave length. 


In Fig. 2, In (A, — A,)/(A, — Ao) is plotted as a function of 


time for the reaction of formaldehyde with the three mono- | 


nucleotides at 25°. In each case the reaction is first order. The 
rate constants are equal to the negative of the slopes of the ob- 
served lines. Table I lists the first order rate constants for the 
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mononucleotides at 25°, 35°, and 45°. The activation energy, TaBLeE | 
determined from the slope of a plot of log k against 1/7, is Rate constants for the reaction of formaldehyde 
_16.8 kcal per mole for each of the mononucleotides. Within with mononucleotides 


the temperature range explored, the monomers react in the ratio 2.76 gm per deciliter of HCHO, 0.11 m KH:PO,-K:HPQ,, pH 
of approximately 5:2:1, with dCMP the fastest and dAMP the 6.8. 









































slowest. k X 102, min 
Temperature : 
dAMP dGMP dCMP 
25° 1.54 4.22 7.77 
35° 3.74 8.05 19.6 
45° 9.41 21.6 53.8 
sphate The reaction of dAMP at 35° was also measured with KCl 
ormal- added to raise the ionic strength to 0.47. Therate constant under 
lytical > seal dCMP these conditions was 3.74 X 10-? min.-!, demonstrating that the 
entical z monomer reactivity is not dependent upon ionic strength. 
lled to @.200}- Rate of Reaction of Formaldehyde with Polynucleotides—Before 
2 . presenting the results of kinetic measurements, it will be ad- 
amino a vantageous to consider briefly the absorbancy changes one ex- 
wr first @ eee Pee ee eee ee ee pects upon reaction of formaldehyde with helical polynucleotide 
Co) /dt, .400,- aGMP complexes. It has been shown that the heat denaturation of 
Ling at helical polynucleotides is accompanied by an increase in the ultra- 
The et violet absorbancy of 30 to 70%, depending upon the particular 
malde- po 5 nucleotides involved (5). Since addition of formaldehyde to the 
» is the 0.11M PHOSPHATE, pH 6.8 amino groups necessarily involves denaturation, it seems reason- 
is the -100F- © Nucleotide able to anticipate a considerable contribution from this process to 
to Cb, a... SRR Sie ee the absorbancy change accompanying the reaction with formal- 
tration 220 240 260 280 300 dehyde. 
neters. WAVELENGTH, mp 


Fortunately this part of the absorbancy change can be sepa- 


r with Fig. 1. Ultraviolet absorption spectra of mononucleotides and ated from that due to actual addition of formaldehyde to the 
lots of | the products of reaction with formaldehyde. The nucleotide con- 


centration in each case is 2.88 X 10-5 m. The formaldehyde con- amino or with the aid of appropriate difference spectra. 
centration is 2.76 gm per deciliter. The solvent is 0.11 m potas- Such difference spectra are shown for equimolar complexes of 


ono-or } sium phosphate, pH 6.8. poly A with poly U, poly (A + U), and of poly I with polyC acids, 
fer, pH 
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‘the ob- Fic. 2. First-order plot for the reaction of the mononucleotides with formaldehyde at 25°. The nucleotide and formaldehyde 
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poly (I + C), in Figs. 3 and4. In each case the curves labeled 
“Coil minus helix” were obtained by subtracting the absorbancy 
of the completely helical complexes at 25° from the absorbancy 
of the same solutions at 70°, corrected for dilution due to expan- 
sion. At the latter temperature all the hydrogen bonds in these 
complexes have been broken; thus these curves represent the 
absorbancy change due to denaturation. The coil spectrum at 
70° is then in turn subtracted from that of the polynucleotide 
reacted with formaldehyde, giving that part of the absorbancy 
change due to the actual reaction of formaldehyde with the free 
amino groups. The curves labeled “Coil reacted with HCHO” 
result from this process. Due to the large amount of overlap of 
these two difference spectra, it can be seen that the time course of 





-200F 






COIL MINUS HELIX 


-150 

Ww 

o 

z 

3 COIL REACTED 
wy WITH HCHO 
i -100F MINUS COIL 
ra) 

> 

cS) 

z 

a 

a -050r 

°o 

yn” 

@Q 

a 





vas 








n 1 i 1 1 1 
20 240 260 280 


WAVELENGTH, mp 





Fig. 3. Ultraviolet absorbancy difference spectra for denatura- 
tion, ®——@, and formaldehyde addition, O——O, of poly (A + 
U). The polynucleotide concentration is 4.70 X 10-* M, in 0.11 m 
phosphate, pH 6.8. 
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Fig. 4. Ultraviolet absorbancy difference spectra for denatura- 
tion, ®@——@, and formaldehyde addition, O——O, of poly (I + 
C). The polynucleotide concentration is 6.46 X 10-5 m, in 0.11 m 
phosphate, pH 6.8. 
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Fig. 5. First-order plot for the reaction of poly (A + U) and 
poly A with formaldehyde at 35°. The poly (A + U) concentra- 
tion is 4.65 X 10-' M, that of poly A is 3.04 X 10-5 m. The buffer 
is 0.11 m phosphate, pH 6.8, and the formaldehyde concentration 
is 2.76 gm per deciliter. 


the reaction of helical polynucleotides with formaldehyde fol- 
lowed at a single wave length will in general reflect two contri- 
butions: one of denaturation, and one of formaldehyde addition. 
The total absorbancy change, of course, will be the sum of these 
two effects. However, by following the reaction at carefully 
chosen wave lengths, the two processes can be separated. Exam- 
ination of the difference spectra reveals that at about 280 my for 
poly (A + U), and 290 my for poly (I + C) these wave lengths 
reflect only the change due to the addition of formaldehyde. 

The results of applying these considerations to the poly (A + 
U) complex are seen in Fig. 5. At 35°, in 0.11 m K-,HPO; 
KH2PO,, pH 6.8, the rate of denaturation, seen at 260 my, is 
considerably faster than the rate of formaldehyde addition seen 
at 280 mu. We conclude that formaldehyde reacts with the 
helical complex in two clearly distinguishable steps: fairly rapid 
denaturation, followed by the slower addition of formaldehyde to 
the amino groups made available by the denaturation. 

Data obtained with the randomly coiled form of polyadenylic 
acid, poly A, alone are included in Fig. 5 for comparison. At 
35°, with the formaldehyde concentration used, the amino groups 
of poly A are presumed to be free, and so we expect the rate ob- 
served at 260 my to be simply that of addition of formaldehyde. 
This is seen to be so; the rates at 260 my and 280 my differ only 
slightly, and are approximately the same as that of poly ( A + 
U) at 280 mu. The purpose of this comparison is to indicate 
that the rate of formaldehyde addition does not depend upon 
whether the amino groups were completely and strongly hydrogen 
bonded, as in poly (A + U), or occasionally and weakly hydrogen 
bonded, as in poly A, prior to the addition of the reagent. 

The results of a similar experiment for the poly (I + C) com- 
plex are shown in Fig. 6. Once again it is seen that the de- 
naturation rate exceeds that of formaldehyde addition, and the 
rate of formaldehyde addition is very similar to that of the 
randomly coiled polycytidylic acid, poly C. Also included in the 
same figure are the results of measurements on a solution whose 


Octobe 


jonic sti 
indicati 
slow thi 
dehyde 
denatut 
coil at 1 
as more 
approac 
The 
naturat 
35° and 
these t 
KH,PC 
the rati 
250 my 
vation | 
measur 
They a 
seen at 
Since 
and th 
strengt 
vary i 
proper 
Table 
(A+. 
listed. 
the lon 
short \ 
to be | 
varies. 
The: 
acts W 
coiled | 
tion w 
two ste 
depenc 
mately 


0.C 


Awo- At 
Aeo-Ao 


oe 


2.( 


Fig. 
poly C 


18 6.0 | 
dicate 





XUM 


10. 10 





) 100 


0) and 
ventra- 
buffer 
tration 


de fol- 
contri- 
dition. 
f these 
refully 
Exam- 
my for 


engths 


(A + 
HPO, 
my, is 
mn. seen 
th the 
y rapid 
ryde to 


lenylic 
n. At 
groups 
ate ob- 
lehyde. 
er only 
(A+ 
ndicate 
1 upon 
drogen 
drogen 


}) com- 
the de- 
ind the 
of the 
1 in the 
. whose 


October 1961 


ionic strength was raised to 1.0. In this case the rate is lowered 
indicating that the stability imparted to the helix is sufficient to 
ow the denaturation processs until it is rate-limiting. Formal- 
dehyde addition takes place at essentially the same rate as 
denaturation, since the rate of addition of formaldehyde to the 
coil at that temperature is greater. In fact, it can be seen that, 
gs more of the helical structure is broken down, the rate increases, 
approaching that of the coil. 

The rate constants for the formaldehyde addition and de- 
naturation of these polymers and the corresponding monomers at 
35° and 45° are listed in Table II, along with the ratio of rates at 
these two temperatures. The solvent in each case is 0.11 M 
KH.PO.-K2HPO,, pH 6.8. The salient feature in the table is 
the ratio k4s/kss for poly (A + U) at 260 my and poly (I + C) at 
250 mu. The values of 7.57 and 5.65 respectively indicate acti- 
vation energies of about 35 kcal per mole, that is in excess of those 
measured for the reaction of the monomers with formaldehyde. 
They are in accord, however, with our description of the process 
seen at these wave lengths as denaturation. 

Since the stability of the helix is dependent on ionic strength, 
and the reaction with formaldehyde is independent of ionic 
strength, it should be possible to cause the denaturation rate to 
vary independently of the rate of formaldehyde addition by a 
proper choice of ionic strengths. This is shown by the data in 
Table III in which the rate constants for the reaction of poly 
(A + U) with formaldehyde at 45° and two ionic strengths are 
listed. Again the results are consistent with our assignment of 
the long wave length change to formaldehyde addition, and the 
short wave length change to denaturation. The former is seen 
to be nearly independent of ionic strength, whereas the latter 
varies 6-fold. 

These results can be summarized briefly. Formaldehyde re- 
acts with free amino groups of mononucleotides and randomly 
coiled polynucleotides in a single step. On the other hand, reac- 
tion with hydrogen-bonded helical polynucleotides proceeds in 
twosteps. The first is denaturation; this process is ionic strength 
dependent and has an apparent activation energy of approxi- 
mately 35 kcal per mole between 35° and 45° at ionic strength 
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Fic. 6. First-order plot for the reaction of poly (I + C) and 
poly C with formaldehyde at 35°. The poly (I + C) concentration 
18 6.0 X 10-5 m and that of poly C is 4.94 X 10-'m. Buffer is in- 
dicated, and formaldehyde concentration is 2.76 gm per deciliter. 
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TasB_e II 
Rate constants for reaction of formaldehyde with polynucleotides 























Compound baton ( x a in, |k X ee. kas/kas 

my 
dAMP 9.41 3.74 2.52 
Poly A 260 5.30 2.07 2.56 
| 280 5.06 1.89 2.68 
Poly (A + U) 260 34.5 4.55 7.57 
280 5.46 1.89 2.89 
dCMP | 53.8 19.6 2.74 
Poly C 290 26.4 7.36 3.58 
Poly (I + C) 250 107.5 19.0 5.65 
290 21.6 6.56 3.29 

TaBLeE III 


Ionic strength dependence of rate constants for reaction of 
formaldehyde with poly (A + U) at 45°C. 











| kX 10%, min. 
Tonic strength | 
| 260 mp 280 my 
| 
0.22 34.5 5.46 
0.56 | 5.85 4.71 





0.22. The second is the reaction of formaldehyde with the freed 
amino groups. This step is independent of ionic strength and 
has an activation energy of 17 kcal per mole between 35° and 45°. 

Additional Characteristics of Reaction of Formaldehyde with 
Polynucleotides—The denaturing effects of formaldehyde need 
to be assessed in terms of the formaldehyde concentration. This 
can be done by observing the variation of the midpoint of the 
absorbancy-temperature profile, Tn, for the poly I helix with 
formaldehyde concentration. Since inosine contains no groups 
that react with formaldehyde, complications due to this reaction 
do not arise. T,, has been established as a measure of helix 
stability (5). Fig. 7 shows several of these profiles of poly I in 
0.93 m NaCl to which varying amounts of formaldehyde have 
been added. The inset shows the depression of 7’, as a function 
of formaldehyde concentration; 1% of formaldehyde corresponds 
to a lowering of 7, of approximately 18°. Since kinetic runs 
described in the preceding section were done with 2.76% formalde- 
hyde, corresponding to a depression of about 50°, it is not sur- 
prising that complexes with T,,, = 80° reacted with formaldehyde 
at 35°. 

The possibility of formaldehyde-induced backbone scission 
was also examined by using poly I in the single stranded, coiled 
state. In this case poly I in 0.12 m KexHPO.KH2POQO,, pH 6.8 
was heated with 2.76% formaldehyde for 15 minutes at 65°, along 
with a control in which the formaldehyde was omitted. After 
cooling, both samples were run in the Spinco model analytical 
ultracentrifuge, using ultraviolet absorption optics. s2,. = 
4.35 s (control), 4.29 s (formaldehyde). Under these conditions 
it appears that chain scission is negligible. 

There remains the question of the reversibility of the formal- 
dehyde reaction, since this is of importance in considering the 
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Fic. 7. Temperature dependence of the absorbancy at 248 mu 
of the poly I helix to which varying amounts of formaldehyde have 
been added. The solvent is 0.93 m NaCl, 0.002 m phosphate, pH 
6.0. The inset shows the dependence of the depression of the mid- 
point of the absorbancy-temperature profile (7) upon the form- 
aldehyde concentration. 


reactivation of viruses that have been inactivated with formalde- 
hyde. An answer was sought by seeing whether the amino 
groups of poly A could be completely freed of formaldehyde with- 
out damage to the rest of the molecule. In this experiment, poly 
A was allowed to react with formaldehyde to completion, the 
excess formaldehyde was removed by dialysis, and the polymer 
was then heated in the cell chamber of the spectrophotometer. 
The wave length of maximal absorption of poly A in reaction 
with formaldehyde is 262 my. From the spectra in Fig. 1, we ex- 
pect that as formaldehyde is removed, the absorbancy at this 
wave length will decrease. In this experiment, however, as the 
temperature was raised from 5° to 45°, the absorbancy at 262 mu 
increased slightly. This hypochromicity below 45° of poly A 
reacted with formaldehyde is thought to be due to interaction 
between bases, comprising 10 to 15% of the adenine residues, 
which lose formaldehyde during the dialysis step. Above 45° 
the absorbancy at 262 my decreased as expected, falling to a 
lower limit in several minutes at 75°. After cooling to 25° the 
wave length of maximal absorption was 257 muy, characteristic of 
randomly coiled poly A unchanged with formaldehyde. 

The poly A regenerated by this process was then mixed with an 
equimolar amount of poly U and the absorbancy-temperature 
profile recorded, along with an appropriate control. The profiles 
are shown in Fig. 8. The somewhat lower stability of the com- 
plex containing regenerated poly A at low temperatures suggests 
that a few of the amino groups have either been removed or are 
still reacted with formaldehyde. No gross damage is evident, 
however, since the T,,,’s are identical. Moreover, the sedimenta- 
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tion constants of the two complexes, determined after recooling 
to room temperature, were 12.0 s and 11.6 s, for the one op. 
taining regenerated poly A and the control, respectively. 
Application to Determination of Helical Content of RNA—} 
the preceding section it was shown that formaldehyde lowers the 
temperature at which polynucleotide complexes are denature 
and then reacts with the freed amino groups. Since it was als 
demonstrated that the denaturative effect is directly proportional 
to the formaldehyde concentration, it should be possible to adjust 
experimental conditions so that only nonhydrogen-bonde 
amino groups will react. These conditions will be those pr. 
moting maximal hydrogen bond stability: low temperature, loy 





formaldehyde concentration, and high ionic strength. Exper. | 
ment showed that the minimal temperature and formaldehyde | 
concentrations at which reaction can be detected is 20° and 03 
gm per deciliter of formaldehyde. TMV-RNA was chosen for 
the determination of helical content, since several independent 
estimates of this quantity have been made for TMV-RNA (5, 7), 
Moreover, the physical characteristics and the method of prep. 
aration of the samples used have been described in detail (7), 
The conditions of the reaction were: 23-24°, ionic strength 0.25, 
pH 6.8, 0.3 gm per deciliter of formaldehyde. 

Fig. 9 shows difference spectra of TMV-RNA, analogous to 
those of the polynucleotide complexes in Figs. 4 and 5. Since the 
curve of “Coil reacted with HCHO minus coil’’ crosses zero at 
245 mu, that wave length serves as an indication of denaturation. 
Due to the extreme breadth of the spectra, however, there is no 
wave length at which the total absorbancy change is due to 
formaldehyde addition alone. However, one can obtain the 
fraction of the total absorbancy change at each wave length due 
to formaldehyde addition. Inversion of this fraction then gives 
a correction factor, different for each wave length, which can be 
applied to convert the apparent fraction of free amino groups to 
the true fraction. Calculation of the correction factors for three 
wave lengths is summarized in Table IV. The absorbancy 
figures are the same as those in Fig. 9. It might be mentioned 
here that the accurate application of this method requires ex- 
tremely precise absorbancy readings. Clean, matched cuvettes 
must be used, and all volumes should be measured as carefully as 
possible, since a 1% error in one of the absorbancy readings be- 
comes a 4% error in the correction factor. In the determination 
of the apparent fraction of free amino groups, the same 1% error 
in absorbancy can result in as much as a 10% error in the ap- 
parent fraction. 

The apparent fraction of free amino groups was determined as 
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Fig. 8. Temperature dependence of the absorbancy at 258 ms 
of poly (A + U) and an equimolar mixture of poly U and poly A 
treated as described in the text. The solvent is 0.12 m phosphate, 
pH 6.8. 
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Fic. 9. Ultraviolet absorbancy difference spectra for dena- 
turation, @——@, and formaldehyde addition, O——@, of TMV- 
RNA in0.1 phosphate, pH 7.0. The RNA concentration is 3.75 X 
10-5 M. 


follows: 0.1 ml of 8% formaldehyde was added to 2.6 ml of 
TMV-RNA in phosphate buffer at 24°, and the spectrum meas- 
ured immediately. After equilibrium was reached, as indicated 
by constant absorbancy readings, the spectrum was measured 
again. The total reaction time was 85 hours at 24°. Finally, 
the rapid reaction with formaldehyde of the hydrogen bonded 
amino groups was effected by raising the temperature to 70°; the 
spectrum was again measured at that temperature. 

In Table V are listed the absorbancies at several wave lengths 
at zero time at 24°, after 85 hours at 24°, and finally at 70°, cor- 
rected for dilution due to expansion. It can be seen from the 
data for 245 my that denaturation was negligible. Column 5 
contains the difference between Columns 2 and 3 divided by the 
difference between Columns 2 and 4. Column 6 contains the 
correction factors determined from the difference spectra in Fig. 
9, and Column 7 lists the corrected fraction of free amino groups. 
The average of these values indicates that the fraction of hydro- 
gen bonded amino groups in TMV-RNA at 25° in ionic strength 
0.25, phosphate buffer at pH 6.8, is 0.60 + 0.05. However, this 
should be considered a minimum value since reaction may have 
occurred in the smaller, less stable helical regions or at the ends 
of helical regions. This would lead to an overestimate of non- 
hydrogen bonded residues and hence an underestimation of the 
helical content. 


DISCUSSION 


In this section we consider first the work of others bearing on 
the proposed two-step reaction of formaldehyde with polynucleo- 
tides. Next, Staehelin’s measurements of the binding of formal- 
dehyde to TMV-RNA are examined in detail, and compared 
with our spectrophotometric results. Finally, the estimate of 
the fraction of hydrogen bonded amino groups of TMV-RNA 
determined by the extent of reaction with formaldehyde is 
compared with independent estimates of the fraction of residues 
in helical regions based upon the optical rotation and absorbancy 
changes accompanying thermal denaturation of TMV-RNA. 

Evidence consistent with the two-step reaction of formalde- 
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hyde with nucleic acids can be found in the work of Zamenhof, 
Alexander, and Leidy (4) on transforming DNA from Hemophilus 
influenzae. In 0.15 m NaCl, 0.015 m Na Citrate at 30°, it was 
found that 12% formaldehyde rapidly inactivated transforming 
principle, whereas 1 % formaldehyde had no effect on the activity. 
At this ionic strength, T,, of the DNA is about 90°. Thus 1% 
formaldehyde would lower T,,, to about 70°, and no reaction is 
expected at 30°. On the other hand, 12% formaldehyde can be 
expected to denature completely the DNA at 30°. In this case 
the amino groups are free to react with the reagent, and rapid 
inactivation of the DNA occurs. 

Still another concentration of formaldehyde was used by Fraen- 
kel-Conrat (1). He found that calf thymus DNA in 0.1 m 
phosphate buffer did not react with 2% formaldehyde at 40°. In 
this case the depressed 7’, due to the addition of the reagent, 
should be about 50°, and failure to observe any reaction is 
consistent with our interpretation. To demonstrate further 
that T,, is the important variable, we repeated this experiment 
under similar conditions. At 45°, no reaction took place; at 60°, 
reaction with formaldehyde proceeded at a measurable rate. 
Fraenkel-Conrat also noted that the reaction of RNA with 
formaldehyde was characterized by two steps, an initial rise in 
absorbancy, followed by a slower rise and shift of the maximum to 
longer wave length. This is also consistent with our interpreta- 
tion of denaturation followed by reaction with formaldehyde. 
Having found that the limited data available for the reaction of 
DNA with formaldehyde is consistent with our interpretation of 
the course of the reaction, we turn next to the comparison of our 
results for the extent of reaction of formaldehyde with TMV- 
RNA with those of Staehelin (2, 9). Although most of the 
reactions in his study were of short duration, in one case the re- 
action of formaldehyde with TMV-RNA was allowed to proceed 
to equilibrium, and it is to this experiment that our attention is 


TABLE IV 


Correction factors for determining fraction of free amino 
groups in TMV-RNA 
































Absorbancy difference 
Wave length Coil in reaction | Coil in reaction 
with HCHO with oO Correction factor 
minus coil minus helix 
mu 
270 0.344-0.289 | 0.344-0.221 | 0.123/0.055 = 2.24 
275 0.286-0.228 | 0.286-0.176 | 0.110/0.058 = 1.90 
280 0.216-0.166 | 0.216-0.131 | 0.085/0.050 = 1.70 
TABLE V 
Absorbancy changes accompanying reaction of TMV-RNA 
with formaldehyde 
Absorbancy Apparent Z 
, ‘ F f 
Wave length fraction of |Correction| free amino 
° ° oO ‘01 
0 88 hr 85 br se ac pes 
mp 
245 0.390 | 0.391 | 0.472 0 
270 0.394 | 0.419 | 0.519 0.200 2.24 0.45 
275 0.323 | 0.343 | 0.428 0.190 1.90 0.36 
280 0.250 | 0.268 | 0.331 0.222 1.70 0.38 
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directed. Staehelin’s method involves incubation of the RNA 
sample with C"*-labeled formaldehyde, removal of the unbound 
reagent by repeated ethanol precipitation of the RNA, and then 
determination of the specific radioactivity of the RNA reacted 
with formaldehyde. Since these experiments were carried out 
with low concentrations of formaldehyde (0.2%) at room temper- 
ature, his results should be comparable to those reported here. 

Staehelin found that with TMV-RNA the extent of binding of 
formaldehyde was considerably lower in 0.1 mM phosphate buffer 
than in 0.001 m phosphate buffer. We attribute this difference 
to the ionic strength dependence of 7, of TMV-RNA. From the 
work of Boedtker (7, 8), it can be estimated that 7’, in these two 
solvents will differ by approximately 30°. At room temperature, 
the fraction of hydrogen bonds broken will be considerably 
greater in the lower ionic strength buffer, making more amino 
groups available for binding. 

Since 0.1 m phosphate is very similar to the solvent used in our 
work, we wish to calculate the fraction of hydrogen bonded amino 
groups from Staehelin’s data for the binding of C'*-formaldehyde 
by TMV-RNA in that buffer. From Table V in Reference 2 one 
finds that at equilibrium 100 mg of TMV-RNA bind approxi- 
mately 3.0 mg of formaldehyde in 0.1 m phosphate. With the 
molar ratio of the bases in TMV-RNA as A:G:U:C equal to 
10.0:8.7:8.9:6.3, as given in the review by Magasanik (10), then 
the average nucleotide residue molecular weight (Nat salt) is 344, 
and each mole of nucleotides has 0.74 mole of amino groups. 
Combining this information with Staehelin’s data, 0.34 mole of 
formaldehyde is bound per mole of TMV-RNA nucleotides, or 
per 0.74 mole of amino groups. The fraction of hydrogen bonded 


, : 34 ; 
amino groups is then 1 — a or 0.54, assuming one molecule 


of formaldehyde reacts with one amino group. This is in good 
agreement with our figure of 0.60 determined spectrophotométri- 
cally. Staehelin has concluded that the formation of dimethylol 
derivatives is very unlikely at the low formaldehyde concentra- 
tions used. To the extent that they do occur, the fraction of 
hydrogen bonded amino groups will be raised, to a maximum of 
0.77 corresponding with the binding of two molecules of formalde- 
hyde by each free amino group. It should be mentioned that, 
although he does not treat the binding data as we have above, 
Staehelin arrives at the same conclusion, namely, that the extent 
of reaction with formaldehyde is a measure of the fraction of free 
amino groups (9). 

Having shown that two independent ways of measuring the 
extent of formaldehyde binding by TMV-RNA give substantially 
the same fraction of hydrogen bonded amino groups, there re- 
mains the task of equating this fraction with the fraction of 
residues in helical regions determined by other methods. 

It has been demonstrated recently that solutions of helical 
polynucleotides exhibit large changes in absorbancy and optical 
rotation accompanying thermally induced transition to randomly 
coiled chains (5). RNA from several sources was shown to 
undergo similar changes on heating in solution. These changes 
were interpreted as having their origin in the melting out of small 
helical regions distributed within the single RNA chains. By 
comparing the magnitude of the absorbancy increase and the opti- 
cal rotation decrease accompanying thermal denaturation of 
TMV-RNA with the changes observed upon denaturation of 
the completely helical complexes, quantitative estimates of the 
fraction of residues in helical regions in TMV-RNA were ob- 
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tained. It is with these estimates that we wish to compare oy 
results. 


In the previous work (5), the absorbancy increase for “eo. 
pletely helical RNA,” a hypothetical case, was taken as 50%, 
roughly the average of the absorbancy increases for denaturation 
of poly (A + U) and poly (I + C). The observed increase fo 
TMV-RNA is 33% (7) and so the fraction of residues in helical 


a . 0.33 ; 
regions is estimated at 050 or 0.66. In view of the assumptions 
5 
made in computing the absorbancy increase for completely 
helical TMV-RNA, this is in reasonable agreement with that 
obtained from the reaction with formaldehyde. 


The second independent method of estimating the fraction of | 


residues in helical regions was provided by comparing the change 
in specific rotation accompanying thermal denaturation of TMV. 
RNA with that accompanying denaturation of the completely 
helical polynucleotide complexes. In this case, poly (A + v) 
was taken as the model for completely helical RNA. Since the 
specific rotations of the individual nucleosides average approxi- 
mately 0°, the optical activity observed is due only to the contri- 
bution from the helix itself. For poly (A + U), the specific 
rotation at 589 my falls from +300° to +25° upon denaturation, 
For TMV-RNA the same process results in a decrease from 
+177° to +12°. The fraction of residues in helical regions is 
then assessed at = 
275 

formaldehyde result. 
Thus, two ways of measuring the fraction of hydrogen bonded 
amino groups by reaction with formaldehyde give estimates of 
0.60 and 0.54, and two optical methods for estimating the frac- 


or 0.60, again in good agreement with the 
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tion of residues in helical regions give values of 0.66 and 0.60. The | 


quantitative agreement of these results points to several impor- 
tant conclusions. 


The identification of hydrogen bonding with | 


the existence of helical regions appears to be justified; moreover, | 


each of the amino groups, including those of guanine, appear tobe 
involved in this bonding in RNA. The use of polynucleotide 
complexes as models for ‘completely helical RNA” is supported. 


A simple spectrophotometric technique is established as a reliable | 
means of estimating the fraction of hydrogen bonded amino | 


groups in RNA. Finally, the secondary structure of RNA 
recently proposed, in which the single-stranded molecule is 
comprised of small helical regions distributed along a randomly 


coiled backbone, finds further support in this additional evidence. | 


SUMMARY 


Kinetic studies of the reaction of formaldehyde with mono- and 
polynucleotides have shown that the reaction with polynucleo- 
tides occurs in two steps. 
is dependent on ionic strength and has an activation energy of 35 


The first is denaturation; this process | 


keal per mole at ionic strength 0.2 between 35° and 45°. The | 


second is the reaction of formaldehyde with the freed amino 
groups. This step is independent of the ionic strength and has 
an activation energy of 17 kcal per mole between 35° and 45°. 

A measure of the denaturative power of formaldehyde was 
obtained from the depression of T,, of the polyriboinosinic acid 
helix. The lowering of 7, was found to be proportional to the 
concentration of formaldehyde; 1.0 gm per deciliter of formalde- 
hyde lowered 7,, approximately 18°. 


Formaldehyde appears | 


to cause no damage to the main phosphodiester chain. Under , 
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the conditions described, the formaldehyde addition reaction is 
completely reversible, without apparent damage to the amino 
ups. 

aniling denaturation through use of low temperature, low 
formaldehyde concentration, and high ionic strength, the extent 
of reaction of formaldehyde with TMV-RNA is a measure of the 
fraction of nonhydrogen bonded amino groups. A spectro- 
photometric method for determining the extent of this reaction 
has been described, which gives good agreement with measure- 
ments of the binding of C'-formaldehyde by TMV-RNA. 
finally the helical content of TMV-RNA, estimated at 60 + 5% 
by this method, is compared with previous estimates based on 
independent measurements and found to be in good agreement. 
The significance of this agreement is discussed in terms of a 
recently proposed model for secondary structure in RNA. 
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Addendum—A reexamination of the helical content of RNA 
indicates that absorbance measurements lead to somewhat higher 
estimates than those quoted here. See P. Doty, 50th Anniversary 
Meeting of the Biochemical Society, London, 1961. 
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In 1935 Negelein and Haas described a method for the de- 
termination of glucose 6-phosphate dehydrogenase activity based 
on measurement of the rate of reduced triphosphopyridine nu- 
cleotide formation from triphosphopyridine nucleotide (1). 
Since that time innumerable enzymes and substrates have been 
measured by the appearance or disappearance of reduced diphos- 
phopyridine nucleotide or reduced triphosphopyridine nucleo- 
tide. In fact, with the aid of auxiliary enzymes nearly every 
substance of biological interest could be measured with a pyri- 
dine nucleotide system. 

The present practical limit of sensitivity of spectrophotomet- 
ric measurement of DPNH or TPNH is of the order of 10-5 
moles per liter or 10-* moles total... The present practical limit 
for fluorometric measurement of reduced or oxidized pyridine 
nucleotides is of the order of 10-§ moles per liter or 10- moles 
total. Greater sensitivity would be useful both in respect to 
absolute amount measurable and in respect to concentration 
necessary for measurement. att 

This paper describes methods for determination of reduced or 
oxidized DPN or TPN at concentrations as low as 10-° m and 
in amounts as small as 10-'® moles. It also indicates the possi- 
bility of extending the methods to the measurement of 10-!° 
moles of either pyridine nucleotide. The coenzyme to be de- 
termined is made to catalyze an enzymatic dismutation between 
two substrates. After several thousand cycles one of the prod- 
ucts is measured. 

Apparently, Warburg, Christian, and Griese were the first to 
use the cycling principle to measure TPN (8) in a system con- 
sisting of glucose-6-P and its dehydrogenase and “old yellow 
enzyme.” In 10 minutes, for each mole of TPN, 330 moles of 
O. were consumed. Jandorf, Klemperer, and Hastings (4) used 
the cycling principle to measure DPN in a system containing 
enzymes to catalyze the conversion of fructose diphosphate to 
glycerol-P and P-glycerate. Each mole of DPN caused the 
release from bicarbonate buffer, in 1 hour, of 1300 moles of COs. 
With the use of this system in the Cartesian diver, Anfinsen (5) 
was able to measure with precision as little as 2 x 10 moles of 
DPN. More recently, Glock and McLean (6) measured pyri- 


* Aided by grants from the American Cancer Society (P-38 and 
P-78), and the United States Public Health Service (B-434). 

1This applies only to direct measurements of samples in a 
cuvette. Thus, 0.05 ml of a solution of DPNH with an optical 
density of 0.12 at 340 mz contains 10-° moles. By microscopic 
techniques, applied to living tissues or to suspended droplets (2) 
much smaller quantities, possibly as little as 10-4 moles, can be 
measured spectrophotometrically. 


dine nucleotides with cycling procedures. DPN was reduced 
with alcohol dehydrogenase, TPN with glucose-6-P dehydro. 
genase. They were then reoxidized by DPN or TPN cyto. 
chrome c dehydrogenase. 
fold yield, was measured spectrophotometrically. 

The system described here for TPN measurement, utilizes 
glucose-6-P dehydrogenase and glutamic dehydrogenase: 


TPNH + a-ketoglutarate + NH,+ — TPN+ + glutamate (1) 


TPN* + glucose-6-P — TPNH + 6-P-gluconate (2) 


Under the conditions given, each molecule of TPN catalyzes the 
formation of 5,000 to 10,000 molecules of 6-P-gluconate in 30 
minutes. The 6-P-gluconate is then measured in a second in- 
cubation with 6-P-gluconate dehydrogenase and extra TPN‘. 
The TPNH produced is determined fluorometrically (7). 

DPN is measured with lactic dehydrogenase and glutamic 
dehydrogenase: 


DPNH + a-ketoglutarate + NH,* — DPN+ + glutamate (3) 
DPN* + lactate — DPNH + pyruvate 


Pyruvate is produced in 2500-fold yield in 30 minutes and is 
measured in a second step with added DPNH and lactic dehy- 
drogenase. The resulting DPN* is measured fluorometrically 
(7). 

During cycling, the nucleotides are used at concentrations 
well below their Michaelis constants; consequently, reaction 
rates are proportional to nucleotide concentrations. Since the 
final product in each case is again a pyridine nucleotide, the 
cyclic process can be repeated if necessary with an over-all 
multiplication factor of 10° to 108. 

The method can be used to measure either the oxidized or the 
reduced form or the sum of both. 
destruction of both DPNH (TPNH) and interfering enzymes, 
can usually be accomplished by brief acid treatment. In meas- 
uring DPNH (TPNH), mild alkaline treatment is ordinarily 
adequate for destruction of DPN+ (TPN*) and interfering en- 
zymes. 
tion of oxidized and reduced pyridine nucleotides over a wide 
range of pH value and temperature. 


EXPERIMENTAL PROCEDURE 


Determination of TPN+ or TPNH 


Reduced cytochrome ec, in 30- to 50. 


A companion paper (8) gives rate constants for destruc- | 
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Sample Procedure—The complete cycling mixture is made in | 


0.1 m Tris buffer, pH 8.0 (0.04 m Tris base-0.06 m Tris hydro- 
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chloride) and contains 5 mM a-ketoglutarate, 1 mm glucose-6-P, 
1 mu ADP, 0.025 m ammonium acetate, 0.2 mg per ml of 
bovine plasma albumin, 0.2 mg per ml of crystalline beef liver 
glutamic dehydrogenase, and sufficient yeast glucose-6-P dehy- 
drogenase to give a calculated activity in the reagent at 25° of 
0.6 mole per liter per hour with optimal TPN* and glucose-6-P 
concentrations. The required glucose-6-P dehydrogenase ac- 
tivity was provided by a concentration of 0.05 mg per ml of 
this enzyme as supplied (1960) by Boehringer and Sons, Mann- 
heim, Germany. It may be assayed fluorometrically in 0.1 m 
Tris buffer, pH 8.0, with 0.1 mm TPN* and 1 mm glucose-6-P. 
The specified glutamic dehydrogenase concentration is sufficient 


to give a calculated velocity with optimal substrate and TPNH 


reduced 
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| from rat liver (see “Special Preparations”). 


| ble. 


concentrations of approximately 0.4 mole per liter per hour at 
25°. 

The enzymes are added to the reagent within a few hours of 
use. If the enzymes are suspended in ammonium sulfate, the 
amounts to be used are centrifuged and resuspended in sufficient 
2M ammonium acetate to provide the necessary concentration 
of NH,* indicated above. This reduces the sulfate concentra- 
tion to 5 mM or less. (See “Kinetics of Enzymes Used for TPN 
Measurement.’’) 

Volumes of 100 ul of complete cycling mixture (kept near 0°) 
are pipetted into serological tubes (7 X 75 mm) in a rack in 
ice. TPN+ or TPNH (1 to 20 wl) is added to give concentra- 
tions in the range of 3 X 10-° to 5 X 10-§m. Water, or better 
a fluid closely approximating that containing the TPN, is added 
to bring all samples to the same volume +2%. The rack is 
transferred to a 38° bath for 30 minutes and then to a 100° bath 
From each tube 50 ul is transferred to a 
3-ml fluorometer tube containing 1 ml of 0.02 m Tris buffer, pH 
8, with 0.02 mm TPN*, 0.1 mm EDTA, and sufficient 6-P-gluco- 
nate dehydrogenase to oxidize 50% of 0.005 mm 6-P-gluconate 
in 3 minutes or less. After 30 minutes at room temperature, 
the fluorescence of each sample is measured, together with that 
of control samples containing 6-P-gluconate in the range antici- 
pated (7,000- to 10,000-fold yield). Standards which increase 
in steps of two or three to cover the particular concentration 
range are provided. Standards and blanks are carried through 
the entire process, including any procedure before cycling. 

The final 6-P-gluconate concentration in the fluorometer 
should not exceed 10-5 m since this is the limit of proportionality 
of TPNH fluorescence. Higher levels could be measured spec- 
trophotometrically, but there is no obvious advantage. 

The 6-P-gluconate dehydrogenase used here, was prepared 
It is stable for at 
least 1 hour at room temperature in the final reagent. 

The cycling reagent without enzymes may be stored for 2 
weeks at —20° or 2 months at —85°. Longer storage results 
in loss of a-ketoglutarate. 

Permissible Variations—The cycling procedure is quite flexi- 
The time of incubation may be varied between 15 and 60 
minutes to accommodate higher or lower TPN concentrations. 
An hour’s incubation is recommended for samples in the range 
of 1 to3 x 10-°m TPN, and an aliquot of 90 to 100 ul may be 


_ used for the last step to increase sensitivity. The cycling rate 


is linear for 30 minutes, but falls off a little between 30 and 60 


| minutes (Fig. 1). 


3 made in | 
ris hydro- } 


The volume during cycling may be increased, but the cost of 
the enzymes may be a deterrent. However, if there is a preju- 
dice against the use of small volumes, and 2000- to 3000-fold 
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Fig. 1. Effect of pH value, temperature, and time on TPN 
cycling. Incubation volume was 100 wl. The TPN concentra- 
tions were 2.9 X 10-* m for samples at 25 and 38°, and 2.9 X 1077 
M for samples at 0°. The enzyme concentrations were 75% of 
those described in the sample procedure in text. 


cycling is sufficient, the enzyme concentrations may be reduced 
to 0.2 of those given above and larger cycling volumes employed. 
In this case ammonium acetate is added to keep the concentra- 
tion of NH,* at approximately 0.025 m. The cycling rate is 
not reduced in direct proportion to enzyme concentration as 
discussed below. Conversely, the cycling volume may be re- 
duced, if necessary, to as little as 1 ul in appropriately smaller 
tubes with corresponding increase in sensitivity (Table I). If 
the absolute amount of 6-P-gluconate formed is less than 5 x 
10-*° moles, it is usually desirable to measure indirectly the final 
TPNH produced (see “Indirect Measurement of TPNH”). 

The temperature coefficient is 6.4% per degree between 0 and 
25° and 7.7% per degree between 25 and 38° (Fig. 1). The rate 
at 0° is 8% of that at 38°. Therefore, the time between addi- 
tion of first and last sample to the cycling mixture should not 
exceed half the subsequent incubation time if the limit of toler- 
ance is 4%. 

The optimal pH is 8.0, but the rate is only 7% lower at pH 
7.7, and 11% lower at pH 8.3 (Fig. 1). 

The glucose-6-P concentration may be increased to 5 mm to 
permit TPN concentrations up to 3 X 10-7 m. The only disad- 
vantage is a slight increase in cycling blank. This substrate 
can conversely be reduced to 0.3 mm with very low TPN levels, 
with only slight sacrifice of cycling efficiency, since the Michaelis 
constant is approximately 0.02 mm in the cycling mixture. The 
a-ketoglutarate concentration cannot be substantially altered 
from that recommended without decreased cycling. It does 
not contribute an appreciable blank. The ADP level is not 
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TaBLe I 


Cycling in small volume and double cycling 


Two sets of samples were cycled for 30 minutes at 38°. The TPN concentrations were the same in both sets (5 and 20 X 10-* m) by 
the volumes during cycling differed by a factor of 100. The 100-ul samples were subsequently treated according to the “sample pr. 


cedure’”’ given in the text. 
ment of TPNH.” 


The 1-yzl samples, after cycling, were analyzed for 6-P-gluconate as described under ‘‘Indirect Measure. | 
The procedure followed for the double cycling experiment is given in the text. 
was carried out in 1 yl, the second cycling step in 100 ul with 4.7% of the original sample (see text). 


For double cycling, the first step | 
) 





Single cycling (100 pl) 








Single cycling (1 ul) 


| 


Double cycling 





, : 
| | Yield* 








' 


TPN 6-P-Glucose TPN | 6-P-Glucose Yield* TPN | 6-P-Glucose Yield* 
10° 3 mole 10-9 mole 10-15 mole | 10" mole 10716¢ mole 10-8 mole | 

5.55 4.1 | 7420 5.6 4.4 7900 2.6 1.20 4.6 X 10° 

5.55 4.3 | 7760 5.6 3.8 6800s 2.6 1.13 4.3 X 107 

5.55 4.3 | 7760 5.6 3.8 | 6900 2.6 1.27 | 4.9 X 107 

5.55 4.3 7760 5.6 3.6 6400 2.6 1.24 | 4.8 10 
20.5 14.5 | 7050 | 20.7 | 13.6 | 6600 | 9.7 3.90 | 4.0 X 107 
20.5 14.8 7230 | 20.7 14.2 | 6900 | 9.7 3.77 | 63.9 107 
20.5 15.0 | 7330 | 20.7 14.8 | 7200 | 9.7 3.88 | 4.0 10 
20.5 14.8 7220 | 20.7 14.9 | 7200 9.7 | 3.83 | 4.0 107 





* Ratio of 6-P-gluconate produced to TPN originally present. 


+t Calculated from the fraction carried through both cycling steps. 


critical; in fact, the cycling rate is only 20% lower when it is 
omitted (30-minute cycling). However, it appears to protect 
glutamic dehydrogenase, particularly for longer periods of 
incubation. The NH,* level is not critical, but there is some 
inhibition if the concentration is increased to 0.1 m (due to 
increase of apparent K,, for TPN+ with glucose-6-P dehy- 
drogenase). 

Source of Blanks—Both cycling procedures are capable of 
giving reproducible results, with coenzyme concentrations during 
cycling as low as 1 or 2 X 10-° m. At these levels the blank 
values become critical. In the sample procedure above, the 
over-all blank value need not exceed the equivalent of 3 x 10-° 
mM TPN (calculated as concentration during cycling). This 
blank has three sources: (a) The cycling reagent contains mate- 
rials which fluoresce slightly at pH 8. These may account for a 
third.or more of the blank. (6) The final 6-P-gluconate dehy- 
drogenase reagent may have a fluorescence blank equal to that 
of 3 x. 10-7 m TPNH measured directly. This would be equiva- 
lent to approximately 10-° m TPN concentration during cycling. 
A third of this blank appears to be due to water itself, a third is 
due to the Tris buffer, and a third is due to TPN+ and the dehy- 
drogenase. Higher readings indicate dirty tubes or contami- 
nated solutions. It is recommended that all tubes be cleaned 
by heating 15 minutes at 100°, first in half-concentrated HNOs, 
then in distilled water, with a rinse in redistilled water. (c) 
There may be a small increase in blank resulting from incuba- 
tion of the complete cycling reagent. This presumably indicates 
the presence of minute amounts of TPN. This need not exceed 
the equivalent of 5 x 10°°m TPN. The first two contributions 
to the blank may be, in effect, reduced 10-fold by measuring 
TPNH indirectly (see below). 

A penalty attached to the high sensitivity of the cycling 
methods is the danger of contamination with coenzymes them- 
selves. Pipettes that are to be used at any point where con- 
tamination could interfere should not be used to pipette strong 
coenzyme solutions, or else they should be specially cleaned by 
soaking for 1 hour (inside and out) in 0.1 Nn NaOH, and rinsed 


with 0.1 N HCl. It would seem wise to keep stock coenzyme 
solutions away from the cycling reagents. 

Indirect Measurement of TPNH—With smaller samples the 
sensitivity may be increased 10-fold by measuring the final 
TPNH indirectly as follows. After cycling and heating to 100°, 
each sample is treated for 30 minutes with 3 to 10 volumes of 
6-P-gluconate dehydrogenase reagent. A solution of 03 y 
NazPO,-0.3 M K2HPO, is added in an amount equal to twice the 
volume used for cycling and the sample is heated 10 minutes at 
60° to destroy excess TPN+. An aliquot is then added to 02 
ml of 6 n NaOH containing 0.03% H:Oz (8) in a fluorometer 
tube. After heating for 10 minutes at 60°, 1 ml of water is | 
added, and the fluorescence measured. 

Kinetics of Enzymes Used for TPN Measurement—(The ki- 
netics of rat liver 6-P-gluconate dehydrogenase are discussed 
below where the preparation is described.) During cycling, | 
pyridine nucleotide concentrations are far below the Michaelis } 
constants. Therefore, the important kinetic factor is the first 
order rate constant k = Vimax/Km, where Vmax is the velocity 
with saturating levels of coenzyme. With establishment oi | 
steady state, the rate of TPN* reduction must equal the rate of | 
TPNH oxidation, t.e. ka(TPN+) = k(TPNH). The over-all | 
cycling rate constant, k., is equal to kaks/(ka + ks). 

Since k,/k, = (TPNH)/(TPN?*), the ratio of the two rate | 
constants can be observed directly in the fluorometer with cy- 
cling mixture to which is added a low but measurable concer- | 
tration of TPN+ (10-* m). With a moderate concentration of 
glucose-6-P, e.g. 5 X 10-4 m, the cycling process can be followed 
directly, since the TPNH concentration will first hold nearly 
constant at a steady state level and then fall sharply when the | 
substrate is nearly used up. This procedure was used to deter- 
mine optimal cycling conditions. It could also be used as 4 
quick test of the adequacy of the complete cycling reagent if 
difficulty should arise. : 

Yeast glucose-6-P dehydrogenase in 0.1 m Tris, pH 8, has 4 
K,, value for glucose-6-P of 0.02 mm, and for TPN+t of approxi- 
mately 0.002 mm. There is very little mutual dependence of 
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the Km value for either TPN* or glucose-6-P on the concentra- 


| tion of the other. The Vmax is not affected by a-ketoglutarate, 
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| TPN* reduction is much less than expected. 


NH,*, or sulfate in the amounts present in the cycling reagent, 


| but they all depress the first order rate constant for TPN‘. 


There is approximately 30% inhibition by 5 mm a-ketoglutarate 
or 0.1 M ammonium acetate. Sulfate is particularly inhibitory 


' and the inhibition varies with the square of the concentration. 


With 1 mm glucose-6-P, and 0.002 mm TPN‘, sulfate at concen- 
trations of 0.005, 0.010, 0.018, and 0.036 mM, inhibited 40, 55, 88, 
and 98%, respectively. It is therefore important to remove 
most of the sulfate from the enzyme preparations before use. 
There is no appreciable inhibition of the first order rate con- 
stant by the products, glutamate and 6-P-gluconate, at 0.5 mm 
concentration. The net effect of the various inhibitors in the 
cycling reagent is to give an apparent K, value for TPN+t of 
approximately 0.005 mm. With the amount of glucose-6-P 
dehydrogenase indicated in the sample procedure (Vmax = 
400 mmoles per liter per hour), the calculated first order rate 


_ constant for TPN* would approximate 120,000 per hour at 25°. 


Glutamic dehydrogenase (beef liver) according to Frieden (9) 
has a Km value of 0.7 mm for a-ketoglutarate and of 0.026 mm 
for TPNH at pH 8.0 in 0.01 m Tris-acetate at 25°. In the pres- 
ent cycling mixture at 25° the K,, value for TPNH was found 
to be approximately 0.01 mm with a Vmax of 400 mmoles per 
liter per hour for a 0.2 mg per ml solution. This would give a 
calculated first order rate constant of approximately 40,000 at 
25°. (The constant is only a little higher at 38°.) Frieden ob- 
served (10) that ADP enhances the activity of glutamic dehy- 
drogenase, particularly in the presence of high levels of DPNH 
and at all levels of TPNH tested. It has been found that with 
lower levels of TPNH than he used there is almost no effect of 
ADP on rate (pH 7.6 to 8.0). Lowering the TPNH (to 0.002 
mu) has two other kinetic effects: The apparent Michaelis con- 
stant for NH,* is lowered by a factor of at least 10 (to less than 
0.5 mm) and the inhibitory effect of concentrated a-ketogluta- 
rate (50 mM) is reduced to 40% (instead of 80% inhibition with 
0.04 mm TPNH). At a more alkaline pH value (9.2) ADP has 
an accelerating effect even with low TPNH. Neither glutamate 
(0.6 mm) nor 6-P-gluconate (0.5 mm) were inhibitory to glu- 
tamic dehydrogenase activity in the cycling mixture (low TPNH 
levels). 

Cycling rates observed directly in the fluorometer are approxi- 
mately as predicted from the above kinetic considerations when 
the level of enzymes is kept relatively low. With the high 
enzyme levels of the cycling mixture above, the rates are only 
approximately 4 of those predicted. Observation of steady 
state levels of TPNH in this case indicates that the rate of 
It seems probable 


_ that a substantial portion of the TPN+ is combined with the 
| two enzymes, which are present in much greater equivalent con- 


centrations than the nucleotide. Some of the TPNH is also 
bound by the enzymes as demonstrated by enhancement of 
TPNH fluorescence (in the absence of substrates). 


Double Cycling 


It is not the purpose of this paper to exploit the possibilities 
of double cycling. However, a single experiment may be de- 
scribed to illustrate the very high amplification attainable 
(Table I). 

Samples containing 5 and 20 x 10-* moles of TPN* were 
cycled at 1 wl volume for 30 minutes. After heating at 100°, 
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TPN* and 6-P-gluconate dehydrogenase were added to make a 
total volume of 8 wl. This was incubated 15 minutes at 26°, 
after which surplus TPN* was destroyed by heating for 10 min- 
utes at 60° with 2 ul of 0.3 m NasP0,-0.3 m K2HPO,. Some of 
the samples were analyzed at this stage by heating with strong 
NaOH containing H,O2. A 7000-fold yield of TPNH had been 
obtained (Table I). Aliquots of the remaining samples were 
recycled at a volume of 100 ul. The aliquots used (0.5 yl) repre- 
sented only 5% of each original sample. The final yield of 
TPNH was equal to a gain of approximately 45,000,000-fold. 
A surprising thing is that reproducibility did not suffer in spite 
of the high gain. As discussed below, to capitalize fully on 
double cycling it would be necessary to conduct the first stage 
in a very small volume. 


Determination of DPN*+ or DPNH 


Sample Procedure—The complete cycling mixture is made in 
0.2 m Tris buffer, pH 8.4 (2:1 ratio of Tris base to Tris HCl), 
and contains 100 mm sodium lactate, 0.8 mm ADP, 5 mm a-keto- 
glutarate, 0.05 to 0.15 m NH,*, 0.4 mg per ml of crystalline beef 
liver glutamic dehydrogenase, and 0.05 mg per ml of crystalline 
beef heart lactic dehydrogenase (charcoal-treated see “Special 
Preparations’’). The enzymes to be used are added within an 
hour of use. If they are provided as suspensions in strong 
(NH,)2SO, this can furnish the required NH,*+. The amounts 
of enzymes used are such as to give calculated rates in the cy- 
cling mixture at 25°, with optimal levels of substrates and co- 
enzymes, approximately of 1 mole per liter per hour for glutamic 
dehydrogenase and 0.12 mole per liter per hour for lactic dehy- 
drogenase. 

Volumes of 100 ul of complete cycling mixture (kept near 0°) 
are placed in 7 X 75 mm tubes in a rack in ice. DPN?+ or 
DPNH (1 to 20 wl) is added to give a concentration in the 
range 3 X 10-* to 5 X 10-*%. Water or a fluid approximating 
that containing the nucleotide is added to bring all samples to 
the same volume +2%. The time between addition of first 
and last sample in a set should not exceed 10 minutes since the 
cycling rate is 15 to 20% as fast at 0° as at 25° (Fig. 2). The 
rack is transferred to a bath at 25° for 30 minutes and then to a 
bath at 100° for 13 to 2 minutes. 

To each tube in ice is added 100 ul of a reagent containing 
0.65 m NaH»PO,, 0.15 m K2HPO,, 1.5 ug per ml of crystalline 
rabbit skeletal muscle lactic dehydrogenase, and DPNH at a 
concentration 3 to 10 times that of the expected pyruvate (2500 
times the DPN concentration). The lactic dehydrogenase is 
added to the ice-cold phosphate reagent within an hour of use, 
and the DPNH within 15 minutes of use. The rack of samples 
is transferred to a water bath at 20-30° for 15 minutes and re- 
turned to the ice bath. To each sample is added at once 25 ul 
of 5 n HCl with very thorough mixing to destroy excess DPNH. 

An aliquot of 100 ul is added to 200 ul of 9 N NaOH. After 
heating 10 minutes at 60°, 1 ml of HO is added and the fluores- 
cence read. 

Since pyruvate formation is not strictly linear with DPN 
concentration, standards of DPN*+ are included which increase 
in steps of two to cover the range of assay. Blanks and stand- 
ards are carried through the entire procedure, and are treated as 
nearly as possible like the samples to be analyzed. 

Permissible Variations—The cycling procedure is not as flexi- 
ble as that for TPN due primarily to a fall off in rate as pyru- 
vate accumulates. Arbitrarily, a 0.1 mm pyruvate concentra- 
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Fic. 2. Effect of temperature, pH value, and concentration of 
DPN on cycling. Incubation time was 30 minutes in a volume of 
100 ul. The pH value was 8.4 unless otherwise indicated. The 
pyruvate concentration produced has been plotted against the 
concentration of DPN present. The range for quadruplicate de- 
terminations around each point is indicated. 


tion, at the end of cycling, has been set as a practical upper 
limit. If this consideration is kept in mind, the incubation time 
may be extended to 60 minutes and probably longer to measure 
DPN levels in the 1 to 3 x 10-9 m range. Incubation for less 
than 30 minutes is not recommended, due to the substaritial 
cycling rate at 0°, which would make it difficult to handle large 
numbers of samples at a time. For this reason it may be pref- 
erable in general to reduce lactic dehydrogenase to half and 
cycle for 60 minutes. 

Cycling volumes may be increased without undue cost, since 
neither enzyme is very expensive. The cycling volume may 
also be decreased as in the case of TPN. No difficulty has been 
encountered with volumes of 5 ul and 10-* m DPN. 

When it is unnecessary to work with lowest DPN concentra- 
tions it may be desirable to decrease the cycling rate. This 
permits the use of higher DPN levels without excessive depar- 
ture from linearity, and reduces the danger of variability from 
contamination. When the cycling rate is to be reduced it is 
recommended that lactic dehydrogenase be lowered more than 
glutamic dehydrogenase to keep the DPN+ to DPNH ratio 
high and thereby minimize reduction of pyruvate formed. A 
reagent containing 50 mm lactate, 0.2 mg per ml of glutamic de- 
hydrogenase, and 0.01 mg per ml of lactic dehydrogenase gave a 
yield of 600 moles of pyruvate per mole of DPN in 30 minutes. 

The temperature coefficient is 7% per degree between 0 and 
25°, but only 3% and 2.2% per degree between 25 and 32° and 
between 32 and 38°, respectively (Fig. 2). There is, therefore, 
only a modest gain in raising the temperature above 25°. How- 
ever, there is no reason why the cycling cannot be carried out 
satisfactorily at 38°, since the complete reagent is quite stable 
at this temperature. 

The optimal cycling pH value is 8.4, but it is only diminished 
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2% and 7% by changing the pH to 8.8 and 8.0, respectively 
(Fig. 2). ; 

The /Jactate concentration is kept high to minimize the inhibj. 
tory effects of pyruvate accumulation. Since the best commer. 
cial lactate contains at least 1 part in 40,000 pyruvate, there jg 
some advantage in regard to blank in reducing lactate when 
measuring very low DPN levels (1 to 5 X 10-°m). The initial 
cycling rate is as high with 50 as with 100 mm lactate. Sub. 
stantial change in a-ketoglutarate concentration will decrease 
glutamic dehydrogenase activity but will not have much effect 





on cycling rate since lactate reduction is the rate-limiting step, 
The concentration of NH," is also less critical than for the TPN 
method. 

Source of Blanks—A major contribution to the blank comes 
from pyruvate in the lactate. With 100 mm lactate as sub- 
strate, 1 part of pyruvate in 40,000 would equal 2.5 x 10-*y 
or the equivalent of 10-° m DPN (with 2500-fold cycling). The 
heart lactic dehydrogenase used (after charcoal treatment) con- 
tributed the equivalent of 2 x 10-'° m DPN. Both these , 
blanks could probably be reduced if necessary. The remainder 
of the cycling components do not add appreciably to the blank. 
The DPNH used after cycling for pyruvate measurement adds a 
blank equal to 1 or 2% of the amount present. However, if 
the DPNH has become oxidized, it may contribute a much 
greater blank. The fluorescence from the water and alkali used 
for the last step ought not to exceed that from 1 or 2 x 10x! 
DPN? (direct reading), 7.e. the equivalent of 1 or 2 x 10-"y 
DPN as cycled in the sample procedure. The over-all blanks 
tend to be more erratic for DPN than for TPN. This is attrib- 
uted, on the basis of considerable evidence, to contamination by 
DPN itself. Apparently, DPN is more abundant than TPN in 
the laboratory as well as in most tissues. Suggestions for avoid- 
ance of contamination have been given in the TPN section. 

Kinetics of Enzymes Used for DPN Determination—Beef heart } 
lactic dehydrogenase kinetics is rather complex. Under the 
recommended cycling conditions with 0.1 m lactate, the apparent | 
K,, value for DPN* is 10-5 m and there is a nearly linear rela- 
tionship between 1/v and 1/(DPN*+) with DPN? from 3 x 10+ | 
to 5 x 10-7 m. This indicates a first order rate constant for 
DPN* of approximately 12,000 per hour with 0.05 mg per ml of | 
beef heart lactic dehydrogenase as given in the sample proce- | 
dure. With low DPN*+ (2 x 10-*.m) velocity is half-maximal 
with 8.6 x 10-3 lactate. The kinetics of this enzyme has been 
very thoroughly studied by Schwert et al. (see for example 
Winer and Schwert (11)). The above K,, value for DPN‘ is 
only + of the value they found under conditions that were quite 
similar except that these authors used semicarbazide to trap | 
the pyruvate formed. 

Glutamic dehydrogenase at a concentration of 0.4 mg per ml 
and pH 8 to 8.4 gives a calculated first order rate constant for 
DPNH of 60,000 per hour (25°). Glutamic dehydrogenase is | 
deliberately used at this relatively high level of activity in order 
to maintain a high steady state ratio of DPN+:DPNH for the 
reason already stated. 

As with TPNH, there is only slight enhancement of glutamic | 
dehydrogenase activity by ADP at pH 8 with low DPNH con- 
centrations (0.002 mm). As the pH value is made more alkaline | 
the velocity decreases rapidly and the ADP enhancement be- 
comes more marked. 

Lactate Pyrwate Equilibrium and Pyrwate Measurement—The | 
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equilibrium constant for (pyruvate) (DPNH) /(lactate) (DPN*) 
was determined to be 8.8 x 10-‘ at pH 8.4 in 0.1 m Tris buffer. 
This gives an equilibrium constant of 3.9 x 10-% which is in 
substantial agreement with values in the literature. Lactate is 
ysed at very high concentration during cycling to compensate 
for the unfavorable equilibrium. When it comes to pyruvate 
measurement the high level of lactate is a disadvantage and 
makes it necessary to lower the pH value as much as possible. 
\t the pH value chosen, 6.5, (pyruvate) (DPNH) /(lactate) 
(DPN*+) = 1 X 10-*%. Any pyruvate remaining represents a 
negative error. This error, as a fraction of the total initial 
pyruvate, is equal to the final equilibrium value for (pyruvate) / 


’ (DPN*). With a lactate concentration of 0.05 m after dilution 
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in the second step, the equilibrium constant for (pyruvate) / 
(DPN*) is equal to 5 X 10-*/(DPNH).? This means that to 
prevent a negative error of more than 5%, the excess DPNH 
cannot be less than 10-5 m, or 0.02% of the lactate concentra- 
tion. Direct observations confirm this calculation. To pro- 
vide sufficient DPNH only becomes a problem when measuring 
lowest DPN levels. For example, a DPN concentration of 10-° 
x with 2000-fold cycling results in 10-* m pyruvate at the pH 
6.5 step, and would require a 10-fold excess of DPNH. 

For convenience, the DPNH and lactic dehydrogenase are 
added to the phosphate solution that is used to shift the pH 
value to 6.5. This solution because of its acidity (pH 6.2) and 
high phosphate concentration destroys DPNH at a rate of 40% 
per hour at 25° but only 5% per hour at 0°. Possible loss of 
DPNH is borne in mind in calculating the amount of DPNH 
to use. 


ANCILLARY PROCEDURES 


Preparation of Sample 


The sensitivity of the cycling methods simplifies sample prepa- 
ration. In the analysis of tissues no extraction is necessary be- 
fore cycling because of the high dilution. Nor, does extraction 
seem desirable, since there is always a possibility that coenzyme 
might be adsorbed by insoluble material. 

Ordinarily, before cycling, samples are treated with acid or 
alkali to destroy reduced or oxidized coenzymes, as the case de- 
mands, and this treatment can also accomplish the destruction of 
interfering enzymes that may be present. In general, it is suffi- 
cient for destruction of DPNH and TPNH to add HCl to give 
an acid excess of 0.02 to 0.05 n. Destruction is complete in 1 
or 2 minutes at room temperature, whereas DPN+ and TPN*+ 
are stable for several hours (or as long as a week at 4° in 0.02 
N HCl, although freezing in acid results in loss). Similarly, 
heating for 10 minutes at 60° with a 0.02 n excess of NaOH 
destroys 99.99% of oxidized pyridine nucleotides without loss of 
reduced forms, and the weakly alkaline solution may be stored 
for several days at 4° (but not frozen) without appreciable loss 
(8). 

Two situations have been encountered in which the acid or 
base pretreatment is more exacting. The first situation results 
fom the extraordinary stability of mammalian DPNase toward 
acid. Therefore, in preparing tissues for measurement of native 
DPN+ or TPN* it is recommended that they be homogenized 
at a dilution of at least 1:50 in 0.01 m H2SO,-0.1 m Na2SO, with 


* At pH 6.5, from the preceding equation, (pyruvate) /(DPN*) = 
10* (lactate)/(DPNH) = 5 X 10-7/(DPNH). 
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subsequent heating for 45 minutes at 60°. This reduces DPN- 
ase to a point at which it will ordinarily not be disturbing al- 
though some activity may persist (8). 

The second situation demanding special treatment arises from 
the fact that blood in the presence of alkali can oxidize DPNH 
or TPNH. As little as 1 part of blood in 40,000 parts of 0.02 
N NaOH will oxidize a substantial fraction of DPNH or TPNH 
in an hour at 25° or in 10 minutes at 60° (8). Blood itself may 
be treated at a dilution of at least 1:100 for 10 minutes at 60° 
in 0.1 N Na2CO;-0.02 n NaHCO; to destroy oxidized nucleotides 
with little loss of the reduced forms. However, this treatment 
is not satisfactory for all tissues. For example, rat liver homoge- 
nate at this pH value (10.7) quickly oxidizes some of the DPNH. 
A satisfactory solution appears to be to homogenize tissues at a 
dilution of at least 1:100 in ice-cold 0.02 n NaOH containing 
0.5 mm cysteine, and to heat the homogenates (within an hour) 
for 10 minutes at 60° (8). The cysteine (as cysteine hydrochlo- 
ride) is added to the NaOH solution shortly before use. 

In preparing tissues for substrate analysis with a pyridine 
nucleotide system it will often be possible to destroy interfering 
enzymes ahead of time by treatment with acid or base. In this 
case, the two difficulties just discussed may not arise. If the 
substrate can tolerate heating with base (e.g. 5 minutes at 60° 
in 0.02 n NaOH), this is the treatment of choice since base is 
much more effective than acid in destroying DPNase. In meas- 
uring very low substrate levels, it may be necessary to make a 
special point of destroying native coenzymes before assay. For 
example, if glucose-6-P were to be measured with glucose-6-P 
dehydrogenase and TPN*, the native tissue TPNH would need 
to be first destroyed with acid unless the TPNH concentration 
was insignificant in comparison to the glucose-6-P level. (Acid 
pretreatment in this case would suffice for both TPNH and en- 
zyme destruction.) 

When samples are ready for the cycling step in the assay, 
they may be handled in the same manner whether the coenzyme 
to be measured is the pre-existing native substance or the prod- 
uct of an enzyme reaction designed to measure an enzyme or 
substrate. Usually the required volume of the sample will be 
so small that whether it is acid or alkaline it can be added di- 
rectly to the complete cycling mixture without prior neutraliza- 
tion. If the sample adds no more than 0.01 mole per liter of 
acid or base to the cycling mixture it will not change the pH 
value significantly, nor destroy more than a few per cent of the 
cycling enzymes. If this limitation is to be exceeded, the sam- 
ples may be brought to the approximate pH value of the cycling 
mixtures by adding 2 moles of Tris base per mole of acid or 2 
moles of Tris hydrochloride per mole of base, as the case may 
be. The Tris hydrochloride should have a pH value no lower 
than 6 to avoid danger of TPNH or DPNH destruction during 
addition. Storage is not recommended after neutralization. 

If the volume of original sample to be used exceeds 20% of 
that of the cycling reagent, the reagent may be prepared in more 
concentrated form. 


Special Preparations 
6-P-Gluconate Dehydrogenase—Available commercial prepara- 
tions of 6-P-gluconate dehydrogenase from yeast are contami- 
nated with glucose-6-P dehydrogenase and are therefore unsuita- 
ble for the present purpose. Rat liver is a rich source (13) and 
was found to be at least twice as active as sheep, beef, or hog 
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liver. Fresh livers, 50 g to 200 g, were homogenized in 9 vol- 
umes of 0.025 m phosphate buffer at pH 7.5. (Throughout the 
preparation was kept at 0-4°. All centrifugations were made 
at approximately 10,000 x g for 20 to 30 minutes.) The initial 
activity was 21 mmoles per liter per hour measured in the fluo- 
rometer at 25° with 0.5 mm 6-P-gluconate, 0.05 mm TPN‘, and 
1 mm EDTA in 0.05 Tris at pH 8. The precipitates were dis- 
carded after centrifuging the original homogenate and after 
adding solid ammonium sulfate to concentrations of first 1 mM 
and then 2 m. The precipitate obtained at an ammonium 
sulfate concentration of 3 M contained 70% of the original ac- 
tivity. This measured approximately 0.3 ml per g of liver. 
It was dissolved in 3 volumes of phosphate buffer (0.025 m, pH 
7.5) and dialyzed 5 hours at 4° against this same buffer con- 
taining 0.2 mm EDTA. The solution was diluted to a protein 
concentration of 1% (measured with Folin phenol reagent) and 
nucleic acid was removed with 0.04 volume of 1% protamine 
sulfate. After centrifuging, solid ammonium sulfate was added 
to the supernatant fluid to a concentration of 2 M with enough 
1 n NH,OH to bring the pH value to 7. The precipitate was 
discarded and the activity (55% of the original) was precipitated 
at 2.8 M ammonium sulfate concentration (neutralized). After 
dialyzing as before, the sample was brought to a protein con- 
centration of 1% and adsorbed on Ca3(PO,)2 gel. The gel was 
added in three steps (1.5 ml of 0.4% gel per ml of sample at 
each step). The gel was removed by centrifuging after each 
addition. The third gel treatment adsorbed half the activity 
remaining at that stage, and 60% of this activity was recovered 
by eluting with 0.2 m phosphate buffer, pH 7.4, (40 ml per g of 
gel) and precipitation with 3 volumes of 4 M ammonium sulfate 
(neutralized). The activity was 30 moles per kg of protein per 


TaBLeE II 7 
Reproducibility of TPN and DPN measurement 

Cycling was carried out for the times indicated in a volume of 
100 ul at 38° for TPN and 25° for DPN. The somewhat lower 
cycling rate for the three lowest TPN concentrations is attributed 
to the use of a 0.3 mmo concentration of glucose-6-P (to diminish 
the blank) rather than 2 mM used for the other samples. To keep 
the final TPNH concentration within the range of the fluorometer, 
the aliquots taken finally into 1 ml for 6-P-gluconate determina- 
tion varied from } the sample (50 ul) for the lowest three TPN 
levels to #s the sample for the highest level. Concentrations are 
given as 10-® m (10-** moles). 

















me | Bat | me | Bag, | ome | et 
0.90 g000 | 29.2 5800 2.02 | 3710 
0.90 7810 | 29.2 5780 2.02 | 3760 
0.90 7810 | 29.2 5640 2.02 | 3450 
0.90 8020 | 29.2 5780 2.02 3580 
2.86 | 8000 | 93.5 5320 3.98 | 3710 
2.86 | 8110 | 93.5 5210 3.98 | 3450 
2.86 | 8000 | 93.5 5250 3.98 | 3450 
2.86 8000 | 93.5 5300 7.90 | 3250 
9.16 7610 | 298 2300t 7.90 | 3320 
9.16 | 7700 | 298 2340t 7.90 3280 
9.16 | 7740 | 298 | 2320t 7.90 | 3360 
9.16 | 7900 | 298 | 2320¢ | | 


| 





* Ratio of 6-P-gluconate produced to TPN present. 
+ Ratio of pyruvate produced to DPN present. 
t On 15-minute incubation. 
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} 
hour, assayed as above. The yield was approximately 12% with 
a 25-fold purification. Further ammonium sulfate fractionation 
resulted in loss of activity without gain in specific activity, 
Glucose-6-P dehydrogenase and hexokinase activity were 1 part 
in 10,000 and 1 part in 900, respectively, of the 6-P-gluconate 
dehydrogenase activity. The preparation also contained isocit. 
rate dehydrogenase and a trace of malic enzyme. In 0,02 4 
Tris buffer at pH 8 the Michaelis constant for 6-P-gluconate js 
approximately 10-5 m, and that for TPN* about 3 x 1077, 

Purification of Heart Lactic Dehydrogenase—Beef heart lactic 
dehydrogenase (8 ml of a 2% suspension in 2.5 M ammoniyn 
sulfate (Worthington Biochemical Corporation)) was diluted to 
40 ml with 2% Norit. The enzyme was then recrystallized from 
the supernatant fluid according to Neilands (12). This treat. 
ment reduced DPN* concentration from 8 xX 10-4, tol x 10+ 
moles per kg of protein. Recrystallization without charcoal 
treatment did not remove appreciable DPN*. 

Preparation of Sodium Lactate—Five grams of calcium (1(+)- 
lactate)2-4 H»O (California Corporation for Biochemical Re- 
search) were suspended in 32 ml of H.O. After adding 11 mlof. 
2 m NaCO; the suspension was shaken vigorously and filtered, 
The alkaline filtrate was brought to pH 7 with approximately | 
ml of 5n HCl. The solution assayed 0.78 m with acetyl-DPN 
and lactic dehydrogenase. 





ASSESSMENT OF PROCEDURES 


Reproducibility and Proportionality—The cycling procedures 
are reproducible almost to within the limits imposed by the 
fluorometer (Table I, Fig. 2). The data presented in Table V 
represent 36 analyses for each of the nucleotides. The pooled 
standard deviations for DPN+, DPNH, TPNt+, and TPNH 
were 2.0, 2.2, 2.9, and 1.9%, respectively. 

The proportionality between TPN concentration and 6-P-glu- 
conate formation is quite satisfactory and permits assay of a} 
100-fold range of coenzyme with the same cycling reagent (Ta- 
ble II). The yield of pyruvate from DPN* is less proportional. | 
Without serious departure from linearity the practical limit fors| 
given cycling reagent and incubation time is a 20-fold range, ie. | 
conversion of 0.005 to 0.1% of lactate to pyruvate. With sufi- 
cient numbers of standards the range can nevertheless be e:- 
tended. DPN was added in steps of two from 1.8 x 10° to? 
5.8 x 10-7 m. Successive higher levels compared to the lowest 
level were, respectively, 93, 83, 70, 56, and 44% of that expected 


for proportionality. 
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Specificity—When added to the TPN cycle, DPN at 10 times} 


the TPN level neither gives a significant blank nor alters the | 
cycling rate for TPN (Table III). Similarly, TPN does not} 
interfere in the DPN cycle with TPN:DPN ratios of 100:1| 
(Table III). When TPN* at a concentration of 5 x 10° x! 
was heated in 0.02 n H.SO, for 30 minutes at 60°, not more than | 
1 part in 2000 was converted to DPN*+ (measured by cyling). 
Some decrease was found in the cycling rate for TPN in the pres 
ence of high concentrations of the alkali degradation products 0 
TPN*. TPN at 5 x 10-8 m was inhibited 16 and 33%, respet-! 
tively, by 2 X 10- m and 10-* m TPN* that had been destroyed 
with alkali. On the other hand, the cycling of 2 x 107% 
DPN was inhibited less than 10% by 4 x 10-5 m DPN* that 
had been destroyed with alkali. 

Whole homogenates of liver, brain, and blood, treated sut-| 
cessively with acid and alkali to destroy all pyridine nucleotides, 
contribute blank values equivalent to 10-* to 10-7 moles of DPN 
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or TPN per kg of tissue (Table [V). These blanks are negligi- 
ble in relation to the native levels of the pyridine nucleotides 
(Table VI) with the possible exception of TPN* in liver and 
prain. In this case, the tissue blanks approximate 2 and 5%, 
respectively, of the relatively low amounts of TPN* present. 

Low levels of DPN and TPN were added back to acid-alkali- 
treated tissue samples. Recovery was complete (Table IV). 
Thus, no tissue constituents stable to both acid and alkali inter- 
fere when present at tissue levels as high or higher than those 
required for measuring native nucleotides (Table VI). 


TaBLeE III 


Tests for possible interference of one nucleotide with measurement 
of the other 

DPN*, TPN*, and combinations of the two nucleotides were 
added to complete cycling mixtures designed for DPN or TPN 
assay. The ‘‘observed’’ values are based on comparison of ob- 
served pyruvate or 6-P-gluconate produced, with the amounts 
formed by each nucleotide when used alone in its proper cycling 
mixture. All values are recorded as 10-* moles per liter of cycling 
mixture. 
































DPN cycle | TPN cycle TPN cycle 
Present | Observed Present Observed Present Observed 
TEN | | DPN* | DPN* | DPN*+ | TPNt TPN* DPN TPN | TPN* 
| at es 
5 | 4.65 | 4.80; 9 | 0.91 | 0.85 9] 0 | -0.0 
50 | 4.65 | 4.73 90 | 0.91 | 0.94 90 0 | 0.00 
5 | 0 <0. : | 90 | 9.33 | 9.35 900 0.1) . O87 
50 | 0 *o. 900 | 9. 33 | 9.05 | | 
TaBLe IV 
Tests for possible interference in DPN and TPN measurements 
in tissues 


The tissues were homogenized in 0.02 n HCl, then made 0.02 n 
in NaOH (excess), and heated for 10 minutes at 100° to destroy all 
pyridine nucleotides. Known amounts of DPN* or TPN* were 
then added back as indicated. Cycling was carried out with 
whole homogenates. All analyses were made at 100 ul cycling 
volume in triplicate. All values are recorded as micromoles per 
kilogram of fresh brain or liver or per liter of blood. 














| DPN TPN 
Tissue 
Calculated Found Calculated Found 
Liver (ug) 
ee hig vse xc 0 <3 
mee EN. 207 7 
Ne eo Sic Xa. a's. 0 2.3 
6 + TPN ew: 25.8 28.1 
Brain (ug) 
ee 0 <1 
60 + DPN*........ 75 74 
Ea 0 0.4 
es 4.7 5.1 
Blood (ul) 
Aenean deci 0 <1 
0.08 + DPN+....... 57 58 
Rms AO. to & 0 0 
1.2+ TPNt........ 3.6 3.8 














TaBLe V 


Recovery of pyridine nucleotides added to homogenates of liver and 
brain and to diluted blood 

Tissue samples (200 mg) were homogenized in 20 ml of ice-cold 
0.02 n H.SO,-0.1 m Na2SO, or 0.02 n NaOH-5 X 10-4 m cysteine. 
Blood was diluted 1:100 in the same acid solution or in 0.1 m 
Na2CO;-0.02 m NaHCO;. The samples were heated at 60° for 
either 45 minutes (acid) or 10 minutes (alkaline). The pyridine 
nucleotides were added before heating. Standards consisted of 
DPN* and TPN*, and were prepared and heated in H.SOQ,- 
Na2SO, like the samples. Assays were conducted in triplicate at 
100 ul volume with amounts of tissue indicated. All values are 
recorded as 10-* moles per kg wet weight or per liter. 























DPNt DPNH TPN*+ TPNH 
Tissue 3 3 3 3 
sizvlasie¢zg 4 i] 3 =] 
Ei E/E|3)/2)3)2| 3 
Oo i'm | Oo | te ‘s) oA 3 rs 
Liver (ug) 
ore le se Meo a Oe 640 
es. re 2690/2620 
ee) «ae a eR, 215 172 455 
4+ DPNE.........: 723) 644 
ont: Sr 657 '630 
4+ BPNE eo 3.5.s0 935895 
Brain (ug) 
Pew dan abe bees 308 
2+ DPN o;. 22. 1310)1360 
re ee 97 
10+ DPN. ...:.. 294) 293 
> Sk ee ea ee 7.0 25.4 
BO "SEN oes hi 58.1) 56.0 
20 +-TPNH:.....: 118/113 
Blood (ul) 
SORE en es 132 
0.006 + DPN*..... 451) 435 
We ie aa Sh Fs 96 14.8 15.6 
0.02 + DPNH..... 198} 201 
0.02 + TPN*...... 66.2) 64.9 
0.02 + TPNH...... 114/115 





























Analysis of Tissues for Pyridine Nucleotides—The difficulty of 
preparing fresh tissues for pyridine nucleotide analysis has been 
mentioned. The preparation procedure suggested above was 
tested by recovery experiments from liver, brain, and blood. 
The nucleotides were added before heating the acid or alkaline 
homogenates or dilutions to 60°. Recovery was satisfactory in 
all cases (Table V). To test more rigorously whether nucleo- 
tide-destroying enzymes had been removed, additional samples 
were brought to pH 8 and incubated 30 minutes at 38° before 
cycling at 50-fold greater tissue concentrations than those used 
during cycling. The samples that had been pretreated with 
alkali (for DPNH and TPNH assay) were unaffected by this in- 
cubation near neutrality. However, samples pretreated with 
acid (for assay of DPN+ and TPN*) still contained DPNase. 
The losses from liver, brain, and blood for DPN*+ were 35%, 


* Since these samples contained only TPNH and DPNH, the 
possibility that some DPN- or TPN-destroying activity might 
remain was not ruled out, but separate experiments demonstrated 
the absence of DPN*-splitting activity. 
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TaBLe VI 
Analysis of rat liver brain and blood for pyridine nucleotides 


Samples were obtained from four male rats, 5 months old 
(Sprague-Dawley) and prepared for analysis as described in 
Table IV. All the blood possible was removed through the right 
heart. Liver samples were homogenized approximately 3 min- 
utes postmortem, brain samples approximately 5 minutes post- 
mortem. The whole treated homogenates, suitably diluted, were 
analyzed at a cycling volume of 100 ul in triplicate. The respec- 
tive amounts of liver and brain per sample were 3 and 6 ug for 
DPN‘, 10 and 30 xg for both DPNH and TPN‘, and 4 and 30 ug 
for TPNH. A volume of 0.015 ul of blood was used for DPNt 
and 0.03 ul for the rest of the assays. All values are recorded as 
10-* moles per kg wet weight or per liter. 

















l 

DPN*+ oa TPN* | TPNH | Total | Total 
Liver, rat No.1....... 674 | 279 {128 (567 953 | 695 
Liver, rat No. 2....... 575 | 230 |111 {491 805 | 602 
Liver, rat No. 3....... 648 | 230 |112 /401 878 | 513 
Liver, rat No. 4....... | 617 270 |108 549 887 657 
Average.........| 628 | 252 (115 502 880 | 617 
Brain, rat No. 1 321 | 94 | 6.9| 21.3| 415 | 28 
Brain, rat No.2.......| 354 92 | 7.5 | 22.6 | 446 30 
Brain, rat No. 3.......| 287 87 | 7.3 | 22.4 | 374 | 30 
Brain, rat No. 4 ..| 324 | 108 | 7.1 | 22.8| 432 | 30 

| | 
Average.........| 322 | 95 | 7.2/| 22.3] 417 | 30 

| | 
Blood, rat No. 1........ 120 | 90 | 12.0} 8.9| 210 | 21 
Blood, rat No. 2........ 121 80 | 14.2} 9.0); 201 23 
Blood, rat No. 3........ 98 85 | 13.5 | 15.3 | 183 29 
Blood, rat No. 4........ | 99 94 | 15.7 | 12.7 | 193 28 

| °F 
Average.........| 110 | 87 | 13.8 | 11.5 | 197 | 25 














35%, and 0, respectively, and for TPN+, 72%, 90%, and 20%, 
respectively. The fact that recoveries were satisfactory in the 
analyses of Table V is attributed to the dilution during cycling 
which prevented important destruction by residual enzyme 
activity. 

As a demonstration of the use of the cycling procedures, liver, 
brain, and blood from four rats were assayed for the four nucleo- 
tide forms (Table VI). The values for DPN+ and DPNH for 
liver are close to those reported by Glock and McLean (14) and 
by Jacobson and Kaplan (15) and somewhat higher than those 
found by Helmreich et al. (16) and Bassham et al. (17). The 
TPN+ and TPNH values, however, are approximately twice 
those reported by the above workers (14, 15, 17). The total 
DPN values in brain and blood are approximately 50% greater 
than those found by Glock and McLean (14) and the total TPN 
values are nearly double their figures. The TPN* levels of 
Table VI in particular are higher than those in the literature.‘ 
The higher values appear to be the result of changes in prepara- 
tion of tissues for analysis (greater initial dilution, circumvention 
of DPNase destruction, prevention of oxidation and, therefore, 


‘ Preliminary results with frozen-dried material indicate that 
TPN? levels in the living tissue are in fact much higher than those 
recorded in Table V. Apparently, there is an exceedingly rapid 
reduction of TPN during the ordinary process of homogenization. 
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loss of reduced nucleotides by hemoglobin, and use of whole 
tissue rather than extracts). 


DISCUSSION 


The cycling systems described were chosen from among many 
possibilities. The positive factors in the choice of each system 
included (a) commercial availability of the required enzymes, 
(6) favorable kinetic possibilities, (c) stability and nonvolatility 
of the substrates or products, and (d) ready measurement of one 
of the products by a pyridine nucleotide system. 





The TPN system is the better of the two. Glutamic dehy. 
drogenase represents one of the few easily available enzymes for 
oxidizing TPNH and it is used in the kinetically and thermo. } 
dynamically favorable direction. Old yellow enzyme is another | 
possibility and might have advantages since oxygen would be 
the only substrate required. Glucose-6-P dehydrogenase is idea] 
as the other enzyme component since the reduction of TPN¢+ js 
irreversible after hydrolysis of 6-P-gluconolactone and since the 
product is easily measured by 6-P-gluconate dehydrogenase. 

The DPN system is not ideal because it lacks an irreversible | 
step, and because of the unfavorable lactate-pyruvate equilib- 
rium. Several other systems were considered. Alcohol dehy- 
drogenase was used earlier coupled with malic dehydrogenase, 
High cycling rates were obtained, but the system was discarded 
because of the volatility of both alcohol and acetaldehyde. 
Possibly, the same system used with a longer chained alcohol | 
would have merit. Glycerol-P dehydrogenase was explored 
briefly as the oxidizing enzyme coupled with lactic dehydro- 
genase plus pyruvate. This system was abandoned because of 
the instability of dihydroxyacetone-P, although the kinetics is 
quite favorable. Successful cycling was obtained with the glu- 
tamic dehydrogenase-lactic dehydrogenase system operating in | 
the opposite direction from that proposed here. The over-all 
equilibrium constant is more favorable, but the cycling rate is | 
low due to the low velocity of glutamate oxidation. Neverthe. | 
less, the system may have real advantages if a cycling rate of | 
500 per hour is sufficient. The a-ketoglutarate formed | 
readily measured with TPNH which would permit double cycling | 
through the TPN system. | 

In the proposed DPN system it is possible that skeletal mus- | 
cle lactic dehydrogenase could be substituted for heart lactic | 
dehydrogenase. The Michaelis constant for DPN* is higher, 
and, therefore, the first order reaction constant lower, than with 
the heart muscle enzyme, but more enzyme could be used to 
compensate. Commercial preparations gave high blank values, | 
presumably due to contamination with DPN*+. If this could | 
be removed with charcoal, skeletal muscle lactic dehydrogenas | 
would probably be quite satisfactory. 

Either of the cycling systems described can be repeated to give | 
over-all multiplication of 10’ to 108% To exploit fully such | 
multiplications it would be necessary to carry out the first! 
cycling in a very small volume. Without cycling it is possible 
to measure 10-" moles of pyridine nucleotide in 1 ml final vol 
ume, i.e. at a concentration of 10-* m. A double cycling with! 
10° multiplivation would extend this sensitivity to 10-' moles. 
This is the equivalent of 0.000,1 ul of a 10-* m solution (the| 
present lower limit of concentration for satisfactory reproduc | 
bility). One molecule of an enzyme with turnover number o| 

10,000 per minute would produce 10-8 moles of product in an} 


hour. If the reaction could be made to result in oxidation ory 
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reduction of an equivalent amount of pyridine nucleotide, this 
vould be measurable by double cycling if the first cycling step 
could be carried out in 0.001 yl or less. 

The advantage of the cycling methods is not limited to an 
increase in sensitivity. The multiplication process is capable 
of eliminating many disturbing factors. For example, in spite 
ofa very unfavorable equilibrium constant, lactate can be nearly 
quantitatively converted to pyruvate with lactic dehydrogenase 
by a 200-fold excess of DPN* at pH 10.7. If the DPNH were 
to be measured directly, blank fluorescence from DPN* at this 
pH value would be very disturbing. However, after destroying 
excess DPN*+ with stronger alkali, the DPNH can be measured 
by eyeling with no DPN* blank. 

The cycling procedures make it practicable to measure tissue 
concentrations as low as 10-* m of any substrate that can be 
directed to a DPN or TPN system and which will stand mild 
exposure to acid or alkali. Such measurement is possible with- 
out concentrating the substrate or preparing an extract. The 


tissue homogenate is first pretreated with acid or alkali to de- 


stroy native nucleotides and enzymes, after which the appro- 
priate enzyme system and pyridine nucleotide are added. The 
excess nucleotide is then destroyed with acid or alkali, as the 
case may require, and the nucleotide that has been formed by 
oxidation or reduction is measured by a cycling method. 


SUMMARY 


1. Methods are presented for the measurement of as little as 
10“ moles of diphosphopyridine or triphosphopyridine nucleo- 
tide. This is an increase in sensitivity over present methods of 
several thousand fold. 

2. Triphosphopyridine nucleotide (oxidized or reduced) at a 
concentration of 10-° to 3 x 10-7 m is made to catalyze the 
enzymatic dismutation of a-ketoglutarate, NH,*, and glucose 
6-phosphate to glutamate and 6-phosphogluconate. The 6-phos- 
phogluconate produced is measured in a second step with 6-phos- 
phogluconate dehydrogenase and triphosphopyridine nucleotide 
added in excess. 

3. Diphosphopyridine nucleotide at levels as low as 10-° M is 


_ made to catalyze the dismutation of a-ketoglutarate, NH,*, and 
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measured in a second step with lactic dehydrogenase and an 
added excess of reduced pyridine nucleotide. 

4. If greater sensitivity is required the cycling processes can 
be repeated with an over-all yield of 10’ to 108% This would 
suffice to measure 1 molecule of any enzyme which forms a 
product that can be led to a pyridine nucleotide system. 

5. The use of the cycling procedures is illustrated by analyses 
of rat liver, brain, and blood for oxidized and reduced nucleotides. 
Because of the sensitivity it was unnecessary to prepare extracts 
of the tissues. Higher values than those reported previously 
were observed for oxidized and reduced triphosphopyridine 
nucleotide. These higher values are attributed to changes in 
tissue preparation, some of which were made possible by the 
sensitivity of the cycling methods. 
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Diphosphopyridine nucleotide and triphosphopyridine nucleo- 
tide when used in appropriate enzyme systems become exceed- 
ingly useful reagents for the measurement of almost any bio- 
chemical substance. A companion paper describes procedures 
for measuring each of the pyridine nucleotides, whether in the 
oxidized or reduced form, at concentrations as low as 10-° m and 
in amounts as small as 10-5 moles (1). To exploit. this sensi- 
tivity it was necessary to know more about the stability of the 
oxidized and reduced forms of the two nucleotides under a variety 
of conditions. 

It is well known that the reduced pyridine coenzymes may be 
destroyed by acid without damaging the oxidized forms (2, 3) 
and that, conversely, the oxidized nucleotides may be destroyed 
by alkali without the slightest loss of the reduced forms (3-6). 
This extreme difference in behavior is a key to their enormous 
analytical potential. 

This paper is intended as a practical statement of the range of 
conditions of temperature and pH value tolerated by the acid 
and basic forms. It can serve as a guide either for the destruc- 
tion of the unwanted forms or for the preservation and storage of 
the desired forms. A particular problem dealt with, which is 
relevant to tissue analysis, is how to destroy diphosphopyridine 
nucleotidase without serious loss of the oxidized coenzymes. A 
second special problem encountered is how to destroy oxidized 
nucleotides and interfering enzymes in alkali, when blood is 
present, without loss of reduced coenzymes. 


STABILITY OF DPNH AND TPNH 


Acid Solutions—DPNH and TPNH are rapidly destroyed in 
acid (2,3). The rate appears to be a linear function of hydrogen 
ion concentration (Fig. 1). At 23° the first order rate constant 
for DPNH is approximately equal to 380 (H*) min-! (7). This 
means that 99% of a reduced nucleotide would be destroyed in 
0.6 minute in 0.02 n HCl. Fig. 1 permits calculation of rates of 
destruction in the range from pH 2 to6. At pH 7 the calculated 
rate of destruction at 23° is 0.2% per hour. The rates of DPNH 
destruction at 38°, measured at pH 4.2 and 5.3 (acetate) and 
pH 7.1 (maleate), give a close fit to the line k = 1380 (H*) per 
minute or a rate 3.6 times that at 23°. At 60° (Fig. 1) the rate 
is 6.0 times faster than at 38°. These results indicate a tempera- 
ture coefficient of 9% per degree from 23-60°. TPNH has not 
been studied as extensively as DPNH but at 30° (pH 2 to 4.5) 
it was found to be destroyed 80% faster than DPNH. 

As noted by Winer and Schwert (8), phosphate accelerates 
destruction of DPNH. At a phosphate concentration of 0.1 m 
the destruction rates were increased 3.5-fold at pH 6.2, and 7-fold 


* Supported in part by grants from the American Cancer Society 
(P-38) and the United States Public Health Service (B-434). 


at pH 6.8 whether the temperature was 25, 38, or 60°. 
(1 mm) had little effect on this phosphate acceleration. The 
enhanced loss of DPNH is not due to oxidation to DPN*. 
Alkaline Solutions and Optimal Storage Conditions—DPNH 
and TPNH are very stable in alkali. Warburg, Christian, and 
Griese (3) found no loss of TPNH after heating for 1 hour at 
100° in 0.1 n NaOH. Adler, Hellstrom, and von Euler (6) 


found no destruction of DPNH after 30 minutes under the same | 


conditions. This stability has been amply confirmed. 

Although directly stable to alkali, DPNH and TPNH tend to 
become oxidized after long periods of time. DPNH was stored 
for nearly 3 months in an effort to find optimal storage condi- 
tions (Table I). The assays were based on the decrease in 
fluorescence produced by lactic dehydrogenase and _ pyruvate , 
(0.2 mm) in 0.05 m phosphate buffer at pH 7. Before storage 
the DPNH preparation had residual fluorescence (after enzy- 
matic oxidation) equal to 4% of the total fluorescence. This 
residual fluorescence increased in all samples in which there was 
loss on storage. This suggests that loss was due to oxidation to 
DPN*+ with subsequent conversion to its fluorescent derivative | 
by alkali. It is also possible to demonstrate the accumulation 
of DPN* itself after prolonged storage at pH 10 (4°). 

There appeared to be no loss under any of the conditions given | 
in Table I at —85° (not shown). It will be seen that strong | 
solutions of DPNH (40 mm) kept reasonably well at —20° at all | 
pH values tested but underwent large losses at 4°, particularly | 
at the more alkaline pH values. Conversely, weak DPNH solu- 
tions (0.4 mm) were rather stable at 4° at pH 9 to 11, but were 
destroyed to a considerable degree at —20° at pH 10.5 an} 
above. The results can be explained by the assumption that 
impurities in the DPNH preparation or, conceivably, the DPNH 
itself, catalyze the oxidation especially at more alkaline pH 
values. This would account for greater loss in stronger samples | 
at 4°. At —20°, impurities would be very concentrated in the | 
residual liquid phase, and would accelerate oxidation of weak | 
DPNH samples, but strong samples would be protected by pre | 
cipitation of much of the DPNH. At —85°, there should be no | 
liquid phase at all, and, consequently, no chance for catalyzed | 
oxidation. 

TPNH was not tested as extensively as DPNH, but a dilute 
solution (0.5 mm) in 0.02 n NaOH showed no loss in a week at 
4° or —85°, but a 13% loss at —20°. The assays were based | 
on decrease in fluorescence on the addition of a-ketoglutarate, 
NH,*, and glutamic dehydrogenase, and the subsequent reap- | 
pearance of fluorescence after the addition of glucose-6-P and | 
glucose-6-P dehydrogenase. 

When the presence of oxidized nucleotides is to be avoided a 
far as possible, it would seem reasonable to recommend storage | 
of reduced pyridine coenzymes at pH 10, e.g. in 0.05 m NaHC0r | 
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Fic. 1. Rates of destruction of DPN and DPNH as a function 
of pH value and temperature. The pH values were all measured 
at 25° with no attempt to evaluate the true values at the higher 
temperatures. The rates are plotted as the log of the first order 
reaction constants expressed as hours™!. Thus, values with log k 
equal to —1 or 0 would indicate, respectively, initial rates of de- 
struction of 10% and 100% per hour, or half-times of destruction 
of 6.9 and 0.69 hours. The lines for DPNH destruction are calcu- 


} lated from observations which clearly indicate a direct relation- 


ship between k and H* except in the presence of phosphate (see 
text). For the DPN* observations, solutions with pH values 
below 3 contained sulfuric acid or sulfuric acid plus sodium sul- 
fate, except for one sample at 60° and at 100° (pH 1.7) which con- 


0.05 m Na,CO; at 4°, and at concentrations no greater than 5 
mu. DPN+ or TPN*, if present originally, or slowly accumu- 
lating, may be removed by heating for 30 minutes at 60°, or 1 
or 2 minutes at 100° (see below). 

Effect of Blood—It. was found that blood, even at high dilu- 
tion, is capable of greatly accelerating DPNH and TPNH oxida- 
tion in alkaline solution. For example, at 25° in 0.02 n NaOH, 
tat blood at concentrations of 0.02, 0.01, 0.005, and 0.0025% 
oxidized, respectively, 46, 39, 24, and 19% of DPNH present 
(10° m). The percentage rate of loss was approximately twice 
as great with 4 x 10-7 Mm as with 5 X 10-*m DPNH. Thus, 
the effect is greater with more dilute DPNH and stronger con- 
centrations of blood, but not in direct proportion. Blood at 1% 
concentration is very little more destructive than at 0.2%. The 
loss occurs more rapidly at 60 and 100 than at 25°, but the total 
loss may be no greater, since during heating (e.g. 10 minutes at 
60° in 0.02 nw NaOH) the blood loses its capacity to oxidize 
DPNH. The loss increases somewhat with the strength of 


_ alkali, whereas at pH 10.0 to 10.7 (carbonate) there is little or 
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tained HCl (0.02 n). Unless otherwise indicated on the figure 
buffers for the rest of the samples were acetate, 0.04 to 0.2 m, at 
pH 4.0 to 5.2; Tris, 0.1 M, at pH 7.3 to 8.3; 2-NH>2-2-methyl-l, 3- 
propanediol, at pH 8.3 to 9.3; and 2-NH2-2-methyl-1-propanol at 
pH 9.3 to 10.5. NaOH was used above pH 11.5. Samples indi- 
cated by open circles were analyzed by fluorescence produced in 
strong alkali; those indicated by solid circles were analyzed en- 
zymatically (see text). The curve for destruction of DPN*+ at 
60° is calculated from the formula k = 0.04 + 185 B, where B (basic 
form) is expressed as the fraction of the total DPN+. B is caleu- 
lated from the Henderson-Hasselbalch equation assuming pK, of 
12.2 (see text). 


This destructive property of blood presents a serious problem 
in the assay for DPNH and TPNH in tissues, since small 
amounts of blood are nearly always present. A wide variety of 
substances were tried in an effort to prevent the DPNH loss. 
Little or no protection was obtained with nicotinamide (20 mm), 
NaNO, (10 mm), NaSCN (50 mm), Na.SO; (50 mm), NaS 
(5 mM), sodium Amytal (10 mm), MgCl. (3 mm), or NaCN 
(1 mm). EDTA (1 mm) may be partially protective. Protec- 
tion was, however, obtained with 0.1% bovine plasma’ albumin. 
The individual amino acids were tested at the concentrations 
present in 0.1% bovine plasma albumin. Tryptophan and 
cysteine were protective but no other amino acid present in 
plasma albumin, including cystine, had any effect. DPNH 
(10-* m) in 0.02 n NaOH was completely protected against 
0.02% blood by 6 X 10-® M cysteine or 5 XK 10-5 m tryptophan. 
Mercaptoethanol at 10-4 m also protects under these conditions, 
but has not been extensively tested. Neither cysteine (up to 3 
mM) nor tryptophan (up to 2 mm) is protective to DPNH in 
strong blood concentrations (1%), but cysteine (0.5 mm) will 
protect 10-5 m DPNH from destruction in 0.2% blood. 

As a result of these findings, it is recommended that tissues 
being prepared for TPNH or DPNH assay be homogenized in 








TABLE I 
Storage of DPNH for long periods 

DPNH at two concentrations was stored under conditions indi- 
cated. The amount remaining is recorded as a percentage. The 
solutions were analyzed enzymatically (see text). The media 
were, respectively, 2-NH2-2-methyl-1,3-propanediol buffer, 0.1 
M; NazCOs, 0.075 m; NaHCOs, 0.025 m; NasPO,, 0.04 m; K2HPO,, 
0.04 m; and NaOH, 0.05 m. 























| DPNH, 0.4 mu DPNH, 40 mu 
pH Storage time | . = 
| 4° 2° | 4° —20° 
days | 
9.1 16 | 101 97 96 
so | 92 90 75 86 
| 
10.5 16 | 100 97 96 101 
80 | 89 74 66 93 
11.2 so 6|lUl wt 80 2 104 
80 | gl 57 35 91 
| 
2.7 | 16 | 86 28 72 96 
| 80 | 74 8 29 88 











ice-cold 0.02 n NaOH containing 0.5 mm cysteine and then 
heated at once for 10 minutes at 60°. This will destroy TPN‘, 
DPN?, and interfering enzymes. Cysteine (added as the hydro- 
chloride) is sufficiently stable for several hours at 0° in 0.02 n 
NaOH to remain effective. Tryptophan heated with blood in 
alkali gives a strongly fluorescent product and, therefore, has not 
been further explored. It is recommended that blood itself be 
prepared for assay by heating at a dilution of 1:100 for 10 min- 
utes at 60° in 0.1 m Na,CO;-0.02 m NaHCO; (pH 10.7). This 
weaker alkaline treatment is not safe to use with tissues, since 
at pH 10.7, liver, at least, rapidly oxidizes a substantial fraction 
of added DPNH even at 0°. 

In experiments reported separately (1) the validity of the 
recommended procedures was confirmed by showing satisfactory 
recovery of DPNH and TPNH from homogenates of brain and 
liver and from diluted blood (rat). 


STABILITY OF DPN* AND TPNT 


Effect of pH Value—Alkali accelerates the rate of destruction 
of DPN*+ and TPN* (4) but there is not a direct relationship 
between OH- and rate except between pH 9 and pH 11.5 (Fig. 
1). The results are those predicted if the molecule has a low 
constant rate of destruction from pH 2 to 7, and is converted by 
removal of 1 proton to a form several thousand times more sus- 
ceptible to destruction (see legend of Fig. 1). 

The temperature coefficient for destruction of DPN+ is 11% 
per degree between 60 and 100° from pH 1.7 to 9.5, and also 11% 
per degree between 38 and 60° from pH 9.5 to 13. 

The destruction rate is increased by a number of salts. At 
pH 10 and 60°, the rate was found to be increased 40 to 100% 
by NaCl, sodium oxalate, Na2SO,, NazsHPO,, and sodium 
maleate (in this order) when these were added at 0.2 m concen- 
tration to a 0.1 m buffer of 2-amino-2-methyl-l-propanol. Car- 
bonate has a greater effect (Fig. 1). When added to the same 
buffer as the other salts the rate of destruction was increased 
380, 500, and 630% at 60° by 0.1 m, 0.2 m, and 0.5 m carbonate 
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buffer at pH 10 (a 1:1 ratio of NaHCO; and NazCOs). The 
acceleration was not affected by adding EDTA at 1 mM. (Col. 
wick, Kaplan, and Ciotti (9) found that phosphate accelerates 
DPN* destruction in the neighborhood of pH 7. This has been 
confirmed (Fig. 1). At pH 7.8 the acceleration by 0.1 m phos. 
phate was reduced from 8-fold to 5-fold by adding EDTA at, 
concentration of 1 mm. Colowick et al. observed that Tris 
buffer will almost abolish the phosphate acceleration. The 
earliest studies of the effect of pH value on DPN* destruction 
(10) were made in phosphate in the range of pH 4.6 to 7, with 
results that resemble those of Fig. 1. 

At all pH values higher than 2 there was close correspondence 





between DPN*+ assayed by the fluorescence produced in 6 y 
NaOH (11), and DPN* assayed enzymatically (Fig. 1). Pr. 
sumably, destruction above pH 2 is the result of cleavage of 
nicotinamide from the molecule, as has been shown to be the 
first step in degradation in alkali (11, 12) or at neutrality (9), 
At pH values lower than 2 destruction measured enzymatically 
exceeds that measured chemically. The difference is probably 
due to hydrolysis of the pyrophosphate bond. The enzyme ' 
assays for the samples treated at 100° were made by reducing 

the DPN* with 50 mM a-glycerol-P and glycerol-P dehydrogen. | 
ase at pH 9.2 and measuring the fluorescence of the DPNH 

formed. The samples at 60 and 38° were similarly measured by 

reduction with 5 mM glutamate and glutamic dehydrogenase. 

Samples of TPN* and DPN* (0.5 mm) were stored for a week | 
at 4, —20, and —85°, in 0.02 n HCl. No loss was detected at 
4° or —85° in either case, but both coenzymes were destroyed to 
the extent of approximately 15% at —20°. Presumably, at 
—20° there remains a small amount of liquid phase with a suff- 
ciently high concentration of HCl to hydrolyze the nucleotides. 
The assays were conducted enzymatically. TPN was reduced 
with glucose-6-P dehydrogenase and a moderate excess of glu- 
cose-6-P. After measuring the fluorescence, a-ketoglutarate, 
NH,*, and glutamic dehydrogenase were added to reoxidize the 
coenzyme. Since the fluorescence changes in both directions 
agreed, it is concluded that there is little danger of conversion of 
TPN+ to DPN* by storage in weak acid.! Similarly, DPN* 
was first reduced with a-glycerol-P and glycerol-P dehydrogen- 
ase, as above, and reoxidized (after heating to 100°) with glu- 
tamic dehydrogenase (as for TPN+). Again, measurements in 
both directions agreed. 

Prevention of Enzymatic Destruction of DPN+ and TPN*—To 
prepare tissues for the measurement of DPN+ and TPN* itis 
difficult to destroy the enzyme which cleaves nicotinamide from 
DPN*+ or TPN* without destroying the nucleotides as well 
This DPNase is actually more stable to heat below pH 2 thanit 
is in weaker acid or near neutrality. Rabbit brain homogenate 
(1:100), when heated in 0.02 n HCl for as long as possible with- 
out destroying more than 5% of DPN+ present (50 minutes at 
60°; 15 minutes at 75°; 3 minutes at 90°), retained more than 
half the enzyme activity. Even exposure to 0.1 n and 02% 
HCl for 10 minutes at 60° left much of the activity. The er | 
zyme could be destroyed at pH 3.7 (formate) and pH 4.7 (ace 
tate) by heat treatment mild enough not to destroy DPN*. 
However, the enzyme showed substantial activity at these pH 


1 A more rigorous test of this point was made by heating TPN’ 
for 30 minutes in 0.02 n H2SQ, at 60°. NO DPN* formation wa 
observed with an enzymatic dismutation system (1) that would 
have detected the presence of 1 part of DPN* in 2000 parts o 
TPN‘. 
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values. Consequently, there might be losses during preparation 
of homogenates in either formate or acetate buffer. 

Fortunately, between pH 2.2 and 2.6 (H.SO, plus Na2SO,) 
the enzyme is not active and 95% of the enzyme can be de- 
aroyed without more than 3% loss of DPN*+ or TPN*. The 
recommended procedure is to homogenize in ice-cold 0.02 Nn 
80.0.1 m NaSO, (pH 2.3) and then heat 45 minutes at 
4°. Although some activity remains, it is not enough to matter 
with tissue diluted several thousandfold under the conditions for 
measurement of pyridine nucleotides by cycling procedures (1). 
In case this degree of dilution is not possible, the material, after 
preliminary heating at pH 2.3, could be brought to pH 5 to 7 
and immediately reheated for 3 minutes at 90° to destroy resid- 
ual enzyme. 


SUMMARY 


1. The stability of oxidized diphosphopyridine nucleotide has 
heen determined from pH 1 to 13 at temperatures ranging from 
95-100°. 

9. The stability of reduced diphosphopyridine nucleotide has 
heen measured from pH 2 to 13 over the same temperature 
— capabilities of the oxidized pyridine nucleotides in 
acid and the reduced forms in alkali have been assessed at 4, 
-20, and —85°. 

4, The presence of blood, even at very high dilution, results 
n loss of reduced coenzymes during alkaline treatment to de- 
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stroy the oxidized forms and interfering enzymes. Means to 
avoid this difficulty are described. 

5. The enzyme which cleaves nicotinamide from oxidized 
pyridine nucleotides is difficult to destroy without serious loss of 
the nucleotides. A partial solution to this problem is presented. 
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Gordon and Smith (1) reported that leaves of Rhoeo discolor, 
although insusceptible to infection by whole tobacco mosaic 
virus, become infected when inoculated with the virus ribo- 
nucleic acid. If established, this would be perhaps the strongest 
possible circumstantial evidence that infection by tobacco mosaic 
virus necessarily entails the ribonucleic acid separating from the 
protein and that some plants resist infection because they do 
not contain systems able to disrupt the virus particles. The 
result of the experiment described by Gordon and Smith, how- 
ever, was not fully conclusive, because the inoculum with 
which they demonstrated infection contained 20 mg per liter, 
whereas the apparently ineffective virus inoculum was 0.5 
mg per liter, which is only 0.00125 as much nucleic acid. In- 
fection of such hosts as tobacco, in which the virus readily spreads 
from cell to cell and reaches a high concentration, is easily dem- 
onstrated with dilute inocula, but this is not necessarily so with 
a host in which spread is limited and the virus content per cell 
is small. Detecting virus multiplication in such plants will de- 
pend more on the number of initial infection sites, which in turn 
will depend on the concentration of virus in the inoculum. 
RESULTS 

My first experiment with concentrated inoculum containing 
“Celite” (a diatomaceous earth that increases the number of 
infections in all hosts previously studied) left no doubt that 
tobacco mosaic virus can infect and multiply in R. discolor. 
Table I compares the infectivities of extracts made from leaves 
at different intervals after they were inoculated on both surfaces 
with virus at 5 mg per ml. The inoculated leaves were washed 
in running water, each was cut transversely into four pieces of 
equal length, and the pieces were put in dishes containing water, 
which were kept in a glasshouse at a mean temperature of 18°. 
The initial extract was infective, as was to be expected after 
using such a concentrated inoculum, and the infectivity of suc- 
cessive extracts (Assay 1) followed the course usual in such cir- 
cumstances with other hosts, first falling and then rising. Assay 2, 
with variously diluted extracts, suggests that the virus concentra- 
tion increased by at least 50 times between both the 2nd and 4th 
and the 4th and 8th days after inoculation. This contrasts with 
the results of a parallel experiment made with Phaseolus vulgaris 
var. Prince, which seems not to be a host; sap extracted from 
bean leaves 7 hours after inoculation produced a mean of 46 
lesions per Nicotiana glutinosa leaf, and sap extracted 1, 2, 4, 
and 8 days afterwards produced 3, 0.3, 0, and 0. 

The results shown in the table were obtained in July, when 
days were long and the light bright. Other experiments in 
Rpilar conditions showed: (a) unequivocal multiplication in 
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leaves inoculated with virus at 1 mg per ml, but not with ving 
at 0.1 mg per ml, whether or not Celite was used; (b) that in. 
oculating only the upper leaf surface led to almost the same ving 
content in sap extracted 8 days later as did inoculating both 
upper and lower surfaces; and (c) that sap extracted 8 days 
after inoculation was less infective when the original inoculum 


was RNA than when it was a solution of intact virus containing | 


the same amount of RNA; the apparent multiplication factor 
was greater, however, because sap extracted from leaves imme. 
diately after inoculation with RNA was not infective, wheres 
sap from leaves rubbed with intact virus contained residual virus, 

These results seemed to show that Gordon and Smith had 
failed to demonstrate infection with intact virus simply because 
they had used too dilute inocula, but when I suggested this to 
Dr. M. P. Gordon, he told me they had used virus at 10 mg per 
ml without success. However, the results which he kindly sent 
me of his tests on leaves inoculated with 1 mg per ml of virus 
did not exclude the possibility of multiplication, for although 
sap extracted 8 days after inoculation produced fewer lesions 
(64 per half leaf of Nicotiana tabacum var. Xanthi) than sap 
extracted immediately after inoculation (111 lesions per half 
leaf), it was infective and the virus in it might have been newly 
produced virus and not residue from the inoculum. Obviously, 
though, the multiplication, if any, was less than in my exper- 
ments, and there was need to find an explanation for the dis- 
crepancy. Further work suggests that the light intensity in 
which inoculated R. discolor leaves are kept is important in 
determining the extent to which virus multiplies. Gordon and 
Smith kept their leaves in artificial light of low intensity, and 
in the Rothamsted glasshouses results during autumn and winter 
came to resemble theirs, with sap extracted 6 to 8 days after 
inoculation sometimes being less infective and rarely much more 
infective than sap extracted from leaves immediately after in- 
oculation and washing. Sampling at daily intervals after in- 
oculation usually produced evidence of multiplication even wher 
the 8-day sample was less infective than the immediate one, for 
the infectivity of successive samples usually fell and then rose, 
but this was not always so; in some tests it remained more ot 
less constant and in others it fluctuated. 

One experiment in the short days and dull light of December 
will serve to contrast with the one given in the table and to shor 
how virus multiplication depends on the conditions in which the 
R. discolor leaves are kept. Pieces of leaves inoculated with i 
mg per ml of virus were kept in the glasshouse, one lot in day- 
light, one in darkness, and a third in daylight supplemented by 
continuous light from a 1000-watt incandescent lamp at a dit 
tance of 25 cm; sap extracted immediately after inoculation 
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produced 35 lesions; the 3-day samples produced no lesions; the 
g-day samples from the three conditions produced 8, 1, and 254 
lesions, respectively, and the 9-day ones, 16, 3, and 790 lesions. 
The water in the dish under the lamp was 27°, 8° more than in 
the other two dishes, which may also have influenced virus 
multiplication. However, the mean temperature of the water 
containing the other leaf pieces was approximately the same as 
in the unheated house in July, so temperature differences cannot 
explain the much greater multiplication of virus in leaves kept 
in daylight during July. 

Tobacco mosaic virus also multiplies less extensively in de- 


+ tached tobacco leaves in darkness than in light, and it multiplies 
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more, both in the light and dark, when leaves are in solutions of 
sucrose and Ca(H.PO,). than when in water (2). Floating in- 
oculated leaves of R. discolor in nutrient solution, however, gave 


no higher virus content than floating in water, whether or not 


the leaves were illuminated. 

The results in repeat experiments with R. discolor leaves have 
varied considerably even when leaves were treated similarly 
after inoculation, which suggests that their physiological state 
at the time of inoculation is also important in determining sus- 
ceptibility to infection. The variations occurred both in the 
amount of virus ultimately produced and in the interval between 
inoculation and when multiplication became detectable. Neither 
the reason for the erratic behaviour nor for the effect of light on 
virus multiplication is known, but various possibilities, not 
mutually exclusive, can be suggested: (a) leaves in different 
physiological states may have different numbers of potential 
infection sites, or different amounts of virus may be required 
to infect their sites; (6) the initially infected cells in different 
leaves may support multiplication to different extents; (c) the 
virus may spread to different numbers of cells from each initial 
site; and (d) the time taken either to initiate infection or to move 
to adjacent cells may differ. 

That R. discolor can be infected by intact tobacco mosaic virus 
seems certain, but, equally obvious is the fact that it is a poor 
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TaBLe I 

The multiplication of tobacco mosaic virus in Rhoeo discolor 
The time of sampling is the interval after inoculation when 
pieces of the R. discolor leaves were put at —15°. At the end of 
the experiment all samples were thawed, their saps expressed, and 
their infectivity assayed by inoculation to Nicotiana glutinosa. 
The infectivity is expressed as the average number of lesions pro- 
duced per leaf in N. glutinosa. 








Time of sampling | Dilution of sap | Infectivity 

Assay 1 7 hr 1:1 42 
2 days 1:1 10 

4 days 1:1 112 

8 days 1:1 700 

Assay 2 2 days 1:1 4 
4 days 1:5 36 

1:50 8 

8 days 1:5 300 

1:50 75 

1:500 16 














host even in the most favorable conditions for virus multiplica- 
tion yet found. 


SUMMARY 


Rhoeo discolor is susceptible to infection by tobacco mosaic 
virus, but it is a poor host in which virus multiplication becomes 
readily demonstrable only when inoculated leaves are brightly 
illuminated. Multiplication is more readily demonstrated with 
inocula of nucleic acid than of intact virus because results are 
not complicated by residual infectivity of the inoculum. 
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A previous report (1) has indicated that Rhoeo discolor is sus- 
ceptible to infection only by tobacco mosaic virus ribonucleic 
acid but not by the complete virus; however, recently Bawden 
(2)! has obtained evidence that the intact virus can also multiply 
in this host. The present report indicates that these contra- 
dictory results are due to extreme differences in the physiological 
state of the host plant. The conclusions drawn previously 
appear to be valid under conditions of low light intensity. 


EXPERIMENTAL PROCEDURE 


In the present experiments, as in those previously reported 
(1), care was taken to insure sterile conditions. Sham controls 
were included, and experiments were rejected when there was 
indication of contamination. Leaf sections of R. discolor were 
infected with tobacco mosaic virus or with tobacco mosaic virus 
RNA with the use of sterile 400 mesh silicon carbide as an abra- 
sive; the sections were then thoroughly washed with running 
water, and floated on water in Petri dishes. The conditions of 
illumination are given below. At the conclusion of the -incuba- 
tion periods the leaf sections were again thoroughly washed and 
frozen. One-gram samples of plant material were homogenized 
in 5.0 ml of 0.1 m sodium phosphate buffer, pH 7.0, and the 
homogenate was clarified by centrifugation (1). Local lesion 
assays were performed as described (1) with the use of tobacco 
mosaic virus at a concentration of 0.005 ug per ml as a standard 
(for details see (3)). The results reported have been multiplied 
by a factor (0.7 to 1.2) necessary to adjust the average number 
of lesions given by the standard to 40. Similar extracts from 
uninfected R. discolor plants caused a 40% reduction in the 
local lesion titer of added tobacco mosaic virus. 

Throughout late autumn, winter, and early spring months the 
greenhouse environment was between 15-20° and light inten- 
sities were usually no more than 800 foot-candles for an 8- to 
9-hour day. Leaf sections were taken from plants grown in 
this environment, and after the leaf sections were infected, they 
were incubated at 25°. Illumination at an intensity of 400 
foot-candles was provided 12 hours per day by a combination of 
fluorescent and incandescent light bulbs. In approximately 30 
experiments performed during this period, leaf sections of R. 
discolor inoculated with intact virus consistently showed no in- 
crease in infectious titer over zero time control samples, whereas 
sections inoculated with virus RNA always indicated increases 
in virus titers. Results which are representative of experiments 
conducted under these conditions are given in Table I and formed 
the basis of a previous communication (1). The experiments 
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indicate that under conditions of low illumination, infection of 
R. discolor with a subsequent experimentally detectable increase 
in virus titer can be initiated only by free virus nucleic acid. 


RESULTS 


During attempts to increase the yield of virus, various exper- 
ments indicated that the extent of multiplication of virus in the 
R. discolor host after infection with tobacco mosaic virus RNA 
was very sensitive to the conditions of lighting prevailing before 
and during the incubation period. Very little virus was pn- 
duced in plants placed in complete darkness for 3 days before 
infection with tobacco mosaic virus RNA. When a large in. | 
crease in virus titer over the zero time control was obtained with 
intact virus and, when subsequently, this finding could not be 
reproduced,! it appeared that a possible explanation for these 
results was the intensity of light to which the plants were ex- | 
posed. A subsequent series of experiments was performed after 
a period of clear weather during which plants in the greenhouse 
had been exposed to light intensities as high as 10,000 foot- 
candles at temperatures of 20-25°. Leaf sections of these plants 
were infected with either intact virus or virus RNA, and cultured 
as above in darkness or under light intensities of 400, 800, and | 
1600 foot-candles. The latter light intensity was obtained with | 
a 1000-watt light bulb placed 30 cm from the tissue sections. | 
Temperatures of the leaf sections were maintained at 25° in all 
cases. The results when intact virus was used as an inoculum 
were highly irregular. In darkness no increase in virus titer | 
over zero time samples was obtained. In one-half of the re 
mainder of the experiments results such as those in Table Il 
were obtained. Results similar to those in Table II were ob- | 
tained under conditions of strong illumination with a sample of | 
tobacco mosaic virus obtained from F. C. Bawden. | 


DISCUSSION 


| 
These results clearly indicate that, contrary to a apne] 
communication (1), under appropriate conditions the intact | 
virus can infect and multiply in R. discolor. Under these cor- 
ditions the intact virus appears to elicit the formation of a greater 
amount of virus than a molar equivalent amount of virus RNA; | 
however, the high degree of infectivity of the RNA relative to | 
intact virus in Table II, 56%, is perhaps a reflection of the partial | 
operation of the phenomenon favoring the infection of the host | 
by the RNA as indicated in Table I. It should be noted that 
the sap of R. discolor rapidly inactivates tobacco mosaic virus 
RNA, so that in this host the infectivity of the RNA is rapidly 
destroyed during the inoculation. 
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Experiments based upon the increased rate of formation of 
maximal number of lesions (4, 5), the reduction of the latent 
period (6), the rapid loss of sensitivity towards ultraviolet light 
(7), and more rapid appearance of resistance to a brief 50° treat- 
ment (5) after infection with virus RNA, as compared to in- 
fection with intact virus, have implicated a mechanism whereby 
the nucleic acid of tobacco mosaic virus is separated from the 
virus protein during the initial phases of the initiation of an 
infection. The experiments summarized in this communication 
in Table I lend additional support to this postulated mech- 
anism. 

Although the reasons for the drastic change in the physio- 
logical state of the R. discolor host, apparently due to different 
intensities of illumination, are unknown, the data presented in 
Table I and in a previous report (1) can be most readily explained 
in light of other studies (4-7) by the inability of the R. discolor 
host to remove the protein subunits from the intact molecule of 
tobacco mosaic virus under conditions of low light intensity. 


SUMMARY 


Under certain physiological conditions infection of Rhoeo dis- 
color with a subsequent experimentally detectable increase in 
virus titer can only take place with tobacco mosaic virus ribo- 
nucleic acid but not with the intact virus. This particular 
physiological state appears to be dependent on conditions of low 
intensity illumination since under conditions of high intensity 


TABLE I 


Infectivity of extracts from Rhoeo discolor under conditions of low 
intensity tllumination* 















































Inoculum 
Time of incubation Intact virus (ug/pl) Virus RNA (ug/ul) 
0.5 800 11,000 | 0.025 4 20 43 
days a 
0 0 110 300 0 0 0 0 
4 2 90 290 0 2 56 
8 | 0 64 300 0 5 200 1600 





* Numbers listed are the average number of lesions produced 
by the application of 0.1 ml of clarified R. discolor extract to each 
of 6 to 10 half leaves of Nicotiana tabacum var. Xanthi,n.c. The 
results are accurate to approximately +25%. Extracts were 
suitably diluted in the case of high virus titer (3). 
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TaBLeE II 


Infectivity of extracts from Rhoeo discolor under conditions 
of high light intensity* 














Inoculum 
Time of incubation Intact Virus (ug/pl) 
RNA (ug/ul) 
43t 
0.5t 800t 
days 
0 0 70 0 
4 1 50 70 
8 4 3000 1700 











* Numbers listed are the average number of lesions produced 
by the application of 0.1 ml of clarified R. discolor extract to each 
of 6 to 10 half leaves of N. tabacum var. Xanthi, n.c. The results 
are accurate to approximately +25%. Extracts were suitably 
diluted in the case of high virus titer (3). 

t Average of three experiments in which an increase in virus 
titer after infection with intact virus was obtained (see text). 


illumination both the intact virus and the virus nucleic acid can 
infect Rhoeo discolor with a subsequent experimentally detect- 
able increase in virus titer. 
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Previous work in this laboratory has established that the nu- 
cleoside, deoxycytidine, is a major component of the deoxyribosy1 
compounds present in cold acid extracts of the blood and of cer- 
tain tissues of the rat (1-3), and that considerable amounts of 
deoxycytidine are excreted daily in the urine (4). Although 
Reichard and Estborn (5) established some time ago that this 
nucleoside is a specific precursor of the pyrimidine bases of 
deoxyribonucleic acid and, more recently (6), that deoxycytidine 
is incorporated into deoxyribonucleic acid without prior degrada- 
tion, little is known about the intermediary metabolism of this 
compound in animal tissues. 

In the experiments to be reported here, the metabolism of 
deoxycytidine-2-C“" by hepatoma cells was studied. It was 
found that these cells, in addition to incorporating the nucleo- 
side into deoxyribonucleic acid, convert most of the added 
deoxycytidine to deoxyuridine. Furthermore, the specific ac- 
tivity of the deoxycytidine recovered from these cells progres- 
sively declines, indicating that the hepatoma cells coritinually 
form this compound. 


EXPERIMENTAL PROCEDURE 


Paper Chromatography—The following solvents were used: 
(A) isopropanol-HCI-H,0(17:4.1:3.9, by volume) (7); (B) bu- 
tanol-isobutyric acid-H,O-NH,OH (30:15:10:1, by volume) (8); 
(C) n-butanol-H,O (86:14, by volume), NH; atmosphere (9); 
and (D) ethyl acetate-formic acid-H.O (60:5:35, by volume) 
(10). 

Other Methods—Ultraviolet spectra were recorded with the 
Cary model 14 spectrophotometer. Chromatograms were 
scanned for radioactivity with the Actigraph II and the model 
D-47 gas flow counter (Nuclear-Chicago Corporation). The 
radioactivity of the isolated samples was determined by drying 
aliquots on stainless steel planchets and counting with the 
D-47 flow counter. The values obtained were not corrected 
for the efficiency of the counter. A self-absorption correction 
was not necessary because the samples were being counted 
at infinite dilution as demonstrated by measurement in the pres- 
ence of an internal radioactive standard. 

DNA was measured with the diphenylamine reaction (11). 
The deoxynucleoside, deoxynucleotide, and digestible deoxy- 
nucleotide content of the hepatoma cells and ascitic fluid was 
determined microbiologically (12). Inorganic phosphorus and 
phosphorus labile after 7 minutes’ hydrolysis in 1 Nn HCl at 100° 
were determined according to the method of Fiske and Subba- 
Row (13). 

Deoxycytidine-2-C''\—This compound was prepared enzy- 


matically from cytidine-2-C™ or cytosine-2-C' (Schwarz Lab- 
oratories, Inc., 340,000 c.p.m. per wmole) with a transdeoxyribo- 
sidase prepared from Lactobacillus acidophilus R-26 essentially as 
described by McNutt (14). In a typical preparation, 77 umoles 
of cytosine-2-C™, 20 ml of L. acidophilus R-26 extract, 2 ml of 
xanthine oxidase (Worthington Biochemical Corporation, 5500 
units per ml), and 30 ml of 0.1 mM ammonium acetate, pH 6.5, in 
a total volume of 300 ml was incubated at 38° for 240 minutes, 
After evaporation to 20 ml and addition of 80 ml of ethanol, the 
alcohol extract was chromatographed on paper in Solvents A 
and B followed by adsorption and elution from Amberlite XE- 
64(H*) (3). The final product (47.3 umoles; 340,000 c.p.m. per 
umole; 61% yield) had the same spectrum as an authentic 
sample of deoxycytidine and gave a single spot when chromato- 


graphed in Solvents A, B, C, and D. Microbiological assay of | 


the deoxyriboside content of the purified material with thymidine 
as standard (12) showed that 1.00 umole of deoxyriboside was 
present per umole of deoxycytidine calculated from the ultr- 
violet spectral data. Unreacted cytosine-2-C“ was recovered 
during the purification of the deoxycytidine-2-C™ and could be 
recycled to improve the yield. 

Isolation of Products of Metabolism of Deoxycytidine—The 
ascites hepatoma 129 (P) (15) was maintained in C3H mice! and 
the ascitic fluid was harvested 6 to 7 days after inoculation. The 
pooled ascitic fluid from 18 to 24 mice was incubated directly 


with deoxycytidine-2-C“ or the cells were isolated from the | 
ascitic fluid by centrifugation and were washed with Krebs | 


Ringer-phosphate solution (16) before the addition of labeled 
deoxycytidine. 


After incubation as indicated below the incubation mixtures 
were chilled and trichloroacetic acid was added to a final concen- | 


tration of 10%. After centrifugation, the sediment was washed 


with cold 5% trichloroacetic acid until the radioactivity of the | 


extract reached a negligible level. The nucleic acids were then 
extracted with hot 5% trichloroacetic acid (11). 


The combined cold acid extracts were shaken four times with 
ether to remove the trichloroacetic acid and were neutralized | 


with NH,OH. Each extract was then passed through a column 
of 1 g of charcoal (Darco G-60) mixed with 1.33 g of Celite. The 
column was washed with 100 ml of water to remove salts and the 


adsorbed compounds were eluted with ethanol-H,0-NH.OH | 
Approximately 95% of the radioactivity was Ie | 


(50:47 :3). 
covered in the eluate. 


1 The animals bearing the transplants of the tumor were kindly 
supplied by Dr. Edward L. Kuff and Miss Lois Fritz. 
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The solvent was removed under reduced pressure in a rotating 
evaporator and the residue was redissolved in a small amount 
of water and chromatographed on Whatman No. 3 MM paper 
with Solvent C. The chromatogram was examined under ultra- 
violet light (254 my) and scanned for radioactivity. Since 
nucleotides remain at the origin in this solvent whereas most 
nucleosides and free bases migrate (8), a qualitative differentia- 
tion of the radioactive products was possible. The nucleosides 
and free bases were further purified on Whatman No. 1 paper 
with Solvents A, B, and D. 

Identification of Compounds Isolated—The identity of the com- 
pounds isolated was established by means of their ultraviolet 
absorption spectra at pH 2 and 12 and by their Rp values in 
Solvents A to D as compared with those of authentic samples. 
The deoxyriboside content of the samples was determined micro- 
biologically (12). 


RESULTS AND DISCUSSION 


Incubation in Ascitic Fluid—In the first series of experiments 
the ascitic fluid containing the hepatoma cells was incubated 
directly with deoxycytidine-2-C™ because it was felt that the 
cells would be in a more nearly physiological state under these 
conditions. The results of such an experiment are shown in 
Fig. 1 and show that over two-thirds of the added deoxycytidine 
was metabolized in 1 hour. The main product was deoxyuri- 
dine and this compound was apparently produced from deoxy- 
cytidine by a rather direct route because its specific activity was 
similar to that of deoxycytidine at all time points studied. 

Although uracil was formed in amounts comparable to deoxy- 
uridine, the specific activity of the isolated uracil was much lower 
than that of the deoxyuridine. This indicated that uracil was 
being produced mainly from sources other than deoxyuridine. 
Thymidine and thymine were also produced in this experiment 
(Fig. 1) but in much smaller amounts than deoxyuridine or 
uracil. 

Although analysis of the nucleic acid fraction showed that the 
specific activity of the DNA increased progressively during the 
incubation, the fact that the main products were nucleosides and 
pyrimidine bases led us to question the adequacy of the incuba- 
tion conditions. A study of hepatoma cells incubated in ascitic 
fluid showed that the acidity of these suspensions increased 
rapidly. The labile phosphate pool of the cells decreased pro- 
gressively and after 60 minutes’ incubation had declined to one- 
third of the original level. 

Incubation in Isotonic Buffered Medium—More suitable con- 
ditions were obtained when the cells were isolated by centrifuga- 
tion and incubated in an isotonic buffered medium in the presence 
of oxygen and glucose (17). As shown in Table I, these cells 
were able to maintain the level of the acid-labile phosphate 
compounds during a 1-hour incubation. The pH value of the 
suspension also was maintained. 

When deoxycytidine-2-C“ was incubated with the washed 
hepatoma cells under these conditions, the results given in 
Table II and Figs. 2 and 3 were obtained. Despite the improved 
incubation conditions, the products formed were qualitatively 
the same as when the cells were incubated in the ascitic fluid. 
The quantitative yields of products, however, were considerably 
different (Fig. 2). The main product was deoxyuridine and 
accounted for over 70% of the deoxycytidine metabolized. 
Uracil was also produced during this incubation but at a much 
lower level than in the previous experiment. The second major 
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Fig. 1. Metabolism of deoxycytidine by hepatoma cells in 
ascitic serum. The pooled ascitic fluid from 18 C3H mice bearing 
hepatoma 129 (P) was mixed with 0.5 ml of deoxycytidine-2-C™ 
(7.5 umoles). An aliquot was removed immediately and addi- 
tional aliquots were removed at intervals after incubation at 38° 
as indicated. The amounts (A——A) and specific activities 
(@——®) of the compounds isolated are indicated on the left 
hand and right hand ordinates, respectively. It should be noted 
that the values for the micromoles of thymidine and thymine 
formed have been multiplied by 20 so they could be accommodated 
on the same chart. CDR, deoxycytidine; UDR, deoxyuridine; 
U, uracil; TDR, thymidine; and 7, thymine. 


TABLE I 
Maintenance of labile phosphate pool of hepatoma cells 
Washed hepatoma cells, 1.7 ml, were resuspended in 6.8 ml of 
Krebs - Ringer - phosphate. Two-milliliter aliquots of the cell 
suspension were mixed with 0.05 ml of 5.62% glucose and 0.45 ml 


of 0.15 m Tris buffer, pH 7.75. The suspensions were incubated 
at 38° under oxygen. 
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Fig. 2. Metabolism of deoxycytidine by hepatoma. cells in a 
buffered saline medium. The hepatoma cells isolated from the 
ascitic fluid of 24 C3H mice bearing hepatoma 129 (P) were washed 
once and resuspended in Krebs-Ringer-phosphate to a total vol- 
ume of 102 ml. Twenty-milliliter aliquots were mixed with 0.1 
ml of deoxycytidine-2-C™ (1.5 umoles), 0.5 ml of 5.62% glucose, 
and 4.5 ml of 0.15 m Tris buffer (pH 7.7) and incubated at 38° 
under oxygen for the periods indicated. The values for the micro- 
moles of uracil and thymidine formed have been multiplied by 10. 


product was thymidine. Although the amount of this compound 
produced was only approximately one-fourth that of the deoxy- 
uridine formed, the combined yields of these two compounds 
accounted for essentially all of the deoxycytidine metabolized. 
The data presented in Fig. 2 also show that the specific activity 
of the deoxycytidine decreased with increasing time of incubation, 
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indicating that deoxycytidine is continually being formed in incubated in ascitic fluid with labeled deoxycytidine, 14 labeleg corpors 
small amounts by the hepatoma cells. Although the same, nucleotides were separated. Six of these contained cytosine, acid. 
phenomenon was also observed in the first experiment (Fig. 1), one thymine, and one uracil on the basis of ultraviolet spectra, experir 
the significance of the finding was considerably strengthened by None have been purified sufficiently for complete identification of urac 
the second experiment, in which the DNA and the labile phos- or determination of specific activities. eytidin 
phate pool of the hepatoma cells were maintained (Table IT). Endogenous Deoxyribosyl Compounds—The nature of the en- sively 
Acid-soluble Nucleotides—Although deoxycytidine-2-C“ was dogenous deoxyribosyl components of the ascites hepatoma is of pound 
incorporated progressively into the DNA fraction (Table II), interest in view of the above results. Microbiological assays 3D 
the total radioactivity of the acid-soluble nucleotides was small _ performed on the cold acid extracts of the ascitic serum and of the | _ hepato 
and relatively constant (Fig. 3). The identification of these hepatoma cells, as described previously (12), gave the following | _ predon 
components is incomplete and has proved to be a rather formi- results, expressed as micrograms of thymidine per milliliter of radioac 
dable task. In one experiment in which the hepatoma cells were serum or cells. The serum contained 1.7 ug in the form of latter ¥ 
deoxynucleosides whereas the cells contained 1.6 as nucleosides, ment b 
TABLE II 2.0 as nucleotides, and 8.4 as “digestible” nucleotides (eg, pletely. 
Incorporation of deoxycytidine-2-C'* into DNA fraction pyrophosphates; cf. (18, 19)). The amount of labeled deoxy- 4. E: 
of ascites hepatoma cells cytidine added in the incubation experiments was approximately onstrat: 
The incubation conditions are given in the legend of Fig. 2. twice as great as the total amount of deoxyribosyl compounds in rapidly 
Nl Aa the hepatoma cells. dine in 
Aol | : Nucleic acid fraction In view of the large amounts of deoxynucleotides in the hep- an initi 
an — : Pe atoma cells, the small amounts of radioactivity obtained in the | phoryla 
Total counts Specific activity ‘i . ‘ P és 
acid-soluble nucleotides was rather puzzling if deoxycytidine was | phokins 
min mg c.p.m. c.p.m./mgfof DNA @ precursor of these compounds as well as of DNA. However, | of endo 
0 19.9 684 34 the findings would not be incompatible if the endogenous deoxy- | sults. 
15 19.3 10,800 560 nucleotide pool was continually being replenished from sources 
30 19.8 16,700 844 other than deoxycytidine, or if the conversion of deoxycytidine | 
60 19.8 29,900 1520 ; iqpentin 1. Som 
’ to acid-soluble deoxynucleotides was interrupted at some point. 2. Scu 
The following experiments indicate that the latter was probably nh 
a the case. 
800+ af Homogenate Studies—The rapid conversion of deoxycytidine to 
— J deoxyuridine by the hepatoma cells raised the question of 
— ‘ whether this deamination occurred directly or after conversion 
400+ U = to the nucleotide. When homogenates of the hepatoma cells 
r Ba |} __ were prepared in water and incubated with deoxycytidine, no 
200, N 4 wis : s 
Ny COR H deamination occurred as judged by spectrophotometric examina- 
OF + OR tion of cold acid extracts of mixtures incubated as long as | 
r 30min, 7 hour. On the other hand, when deoxycytidylate was incubated 
” T q with the hepatoma cell homogenate under equivalent conditions, 
J 200}- - the deoxycytidylate was completely metabolized to deoxyuridyl- 
z of ¥ aN ate after 10 minutes’ incubation. The presence of this powerful 
2 soo+ 4 deoxycytidylate deaminase and the absence of a deoxycytidine 
WW r iene. deaminase in the hepatoma cell homogenate strongly suggests, 
wo 7 7 but does not prove, that the conversion of deoxycytidine to 
= 400} 4 deoxyuridine occurs at the nucleotide level. This finding would 
A 7 also indicate that the hepatoma cells contained an equally power- 
i % \ 1 ful deoxycytidine phosphokinase and that, therefore, these cells 
ory 5 may be able to avail themselves of the relatively large pools of 
800+ Ome. - deoxycytidine normally present in the intact animal. A further 
r * examination of the role of endogenous deoxyribosy] precursors 
a rT ef in the synthesis of DNA by tumor cells, as well as by normal cells, 
400+ =| seems indicated. 
200+ 4 SUMMARY 
° —t— ea ee a ea ae cae a a Seo ee 1. Ascites hepatoma cells were incubated with deoxycytidine- 
° 5 10 iS 20 2-C" in ascitic fluid or in buffered 0.9% sodium chloride solution 


CENTIMETERS 


supplemented with glucose and oxygen. It was found that sus 


pensions of cells in ascitic fluid became acid and large amounts 
of the high energy phosphate pools of the cells were lost. Deoxy- 
uridine, uracil, thymidine, and thymine were formed under these 
conditions. 

2. Cells incubated in the buffered saline medium successfully 
maintained their levels of labile phosphate compounds and it- 


Fig. 3. Paper chromatograms of the acid-soluble fraction of 
hepatoma cells after incubation with deoxycytidine. The acid- 
soluble fractions from the experiment of Fig. 2 were chromato- 
graphed on Whatman 3 MM paper with Solvent C (see text) and 
a portion of each chromatogram was scanned for radioactivity. 
The arrow indicates the point of application of the sample. The 
letter N indicates nucleotide bands. 
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corporated deoxycytidine progressively into deoxyribonucleic 
acid. The main product of deoxycytidine metabolism in these 
experiments was deoxyuridine. Thymidine and smaller amounts 
of uracil were also formed. The specific activity of the deoxy- 
cytidine isolated from the incubation mixtures declined progres- 
sively with time, indicating that the tumor cells form this com- 
pound continually. 

3. Despite the fact that the deoxyribosyl compounds of the 
hepatoma cells, as measured microbiologically, were found to be 
predominantly in the form of nucleotides, only small amounts of 
radioactivity were recovered in the nucleotide fraction. The 
latter was separated into 14 labeled compounds in one experi- 
ment but the individual components were not characterized com- 
pletely. 

4, Experiments with homogenates of the hepatoma cells dem- 
onstrated that deoxycytidylate, but not deoxycytidine, was 
rapidly deaminated. The mechanism of formation of deoxyuri- 
dine in the cell incubation experiments thus probably involved 
an initial phosphorylation followed by deamination and dephos- 
phorylation. The presence of a powerful deoxycytidine phos- 
phokinase in the hepatoma cells and its function in the utilization 
of endogenous deoxycytidine is thus implied by the present re- 
sults. 
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The Biosynthesis of Thiamine 


III. MECHANISM OF ENZYMATIC FORMATION OF THE PYROPHOSPHATE ESTER OF 
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It has now been firmly established by several groups of workers 
(2-6) that in yeast the biosynthesis of thiamine proceeds accord- 
ing to the following reactions: 

Step 1: Hydroxymethylpyrimidine! 
+ ATP — hydroxymethylpyrimidine-PP 
Step 2: Thiazole + ATP — thiazole-P 
Step 3: Hydroxymethylpyrimidine-PP + thiazole-P — thiamine-P 
Step 4: Thiamine-P — thiamine 


However, the mechanism of the formation of hydroxymethyl- 
pyrimidine pyrophosphate (Step 1) was not firmly established. 
The following two possible mechanisms appeared to be worthy 
of consideration: (a) the pyrophosphate ester is formed by direct 
transfer of a pyrophosphate group from adenosine triphosphate 
to hydroxymethylpyrimidine or (b) the formation of the pyro- 
phosphate proceeds via two successive phosphorylation , steps 
through the action of two enzymes with hydroxymethylpyrimi- 
dine phosphate as an intermediate. Reports by Harris and 
Yavit (7) and Leder (8) that thiamine formation proceeded at a 
faster rate with synthetic hydroxymethylpyrimidine phosphate 
as substrate in place of hydroxymethylpyrimidine suggest that 
Mechanism b is more likely. Camiener and Brown (6) found 
that both the mono- and pyrophosphates of hydroxymethyl- 
pyrimidine were present in reaction mixtures in which hydroxy- 
methylpyrimidine and adenosine triphosphate had been incu- 
bated with a purified enzyme preparation. However, this finding 
could not be considered to be evidence for either mechanism 
since the monophosphate could have been formed either as an 
intermediate or as a degradation product of the pyrophosphate. 
The results to be presented below provide strong evidence in 
favor of Mechanism ); 7.e. that two enzymes are involved in the 
formation of hydroxymethylpyrimidine pyrophosphate and that 
hydroxymethylpyrimidine phosphate is an intermediate. 

* These investigations were supported by grants from the Na- 
tional Science Foundation and the National Institutes of Health 
of the United States Public Health Service. A preliminary report 
of this work has already been published (1). For Paper II of 
this series see (2). 

t Present address: Biochemistry Section, Weizmann Institute 
of Science, Rehovoth, Israel. 

1 Hydroxymethylpyrimidine, hydroxymethylpyrimidine-P, and 
hydroxymethylpyrimidine-PP will be used to indicate 2-methy]l- 
4-amino-5-hydroxymethylpyrimidine, the monophosphate of this 
compound, and the pyrophosphate, respectively. Thiazole and 
thiazole-P will be used to indicate 4-methyl-5(6-hydroxyethyl]) 
thiazole and its monophosphate ester, respectively. 


EXPERIMENTAL PROCEDURE 





Materials—Hydroxymethylpyrimidine was kindly supplied by 
Merck and Company, Inc. The crystalline tetrahydrates of the 
disodium salts of ATP and CTP were purchased from Pabst 
Laboratories, crystalline GTP (disodium salt, dihydrate) and 
UTP (trisodium salt hexahydrate) from Sigma Chemical Com- 
pany, p-hydroxymercuribenzoate from Nutritional Biochemicals 
Corporation, intestinal alkaline phosphatase from Pentex, Inc., 
DEAE-cellulose from Eastman Organic Chemicals, Department 
of Eastman Kodak Company, and Dowex 1-X4 (100 to 20 
mesh) from the Dow Chemical Company. Alkaline phosphatase 
purified from Escherichia coli was a gift from Drs. F. Rothman 
and C. Levinthal. 

Paper Chromatography and Bioautography—aAll paper chro- 
matograms (Whatman No. 1 paper) were developed by the 
ascending technique with the use of isobutyric acid-NH,OH- 
water (198:3:99, volume per volume per volume) as the solvent 
system. The Ry values for hydroxymethylpyrimidine, hydroxy- 
methylpyrimidine-P, and hydroxymethylpyrimidine-PP in this 
solvent are approximately 0.75, 0.45, and 0.25, respectively (6). 
Zones of migration of these compounds were determined by bio- 
autographic techniques with a mutant of Aerobacter aerogenes 
(strain PD-1) as the test organism. This mutant, which was 
obtained from Dr. B. Magasanik, requires adenine and either 
hydroxymethylpyrimidine or thiamine for growth. Approxi- 
mately 30 wug of hydroxymethylpyrimidine were sufficient to 
give a well defined growth zone on a bioautographic plate. Be- 
cause phosphate esters of hydroxymethylpyrimidine cannot be 
utilized by this organism, it was necessary to spray the developed 
chromatogram with a phosphatase (6) before preparing bioauto- 
graphic plates. Both the intestinal alkaline phosphatase (which 
was treated with charcoal to remove contaminating thiamine) 
and the purified EZ. coli alkaline phosphatase could be used 
equally well for this purpose. Details of bioautographic proce- 
dures (i.e. growth medium, cultural procedures, etc.) were as 
described by Camiener and Brown (6) except that the more 
stable A. aerogenes mutant was used as the test organism in 
place of the Sa’monella typhimurium mutant used previously (6); 





the latter appears to have a high back mutation rate so that it | 


became difficult to maintain a suitable stock culture. The A. 
aerogenes mutant will utilize not only hydroxymethylpyrimidine 


but also pyrimidine compounds that contain bromomethyl, | 
aminomethyl, or methoxymethy] groups in place of the hydroxy- ; 


methyl group. 
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Enzyme Preparations—Crude extracts of bakers’ yeast (ob- 
tained from Anheuser-Busch, Inc.) were prepared and partially 
purified by fractionation with ammonium sulfate and chromatog- 
raphy on DEAE-cellulose as described previously (2). The 
preparation which has been called Fraction 1 (1), contained the 
enzyme or enzymes necessary for the formation of the mono- 
and pyrophosphate esters of hydroxymethylpyrimidine, but 
lacked the enzymes necessary for the formation of thiazole-P 
from thiazole and ATP and for the formation of thiamine-P 
from hydroxymethylpyrimidine-PP and thiazole-P. 

Preparation of Hydroxymethylpyrimidine-P—Hydroxymethy]- 
pyrimidine-P was prepared enzymatically by a procedure which 
was modified from that of Camiener and Brown (6). A crude 
extract of yeast (250 ml, 4.4 g of protein) was heated at 55-60° 
for 10 minutes to destroy an enzyme necessary for the formation 
of hydroxymethylpyrimidine-PP (see “Results”). The mate- 
rial was then cooled in an ice bath and 5.3 g of activated charcoal 
(Darco G-60, from the Atlas Powder Company) were added and 
the suspension was stirred for 15 minutes and centrifuged. The 
charcoal treatment eliminated a large amount of ultraviolet 
light-absorbing compounds which would otherwise have con- 
taminated the final hydroxymethylpyrimidine-P preparation. 
The clear supernatant solution obtained after centrifugation was 
used to prepare a large reaction’ mixture which contained (per 
250 ml) 3.9 mmoles of ATP, 125 wmoles of hydroxymethyl- 
pyrimidine, and 5 mmoles of MgCl, The reaction mixture was 
adjusted to pH 7.2, incubated at 38° for 3} hours, and then 
heated to 80° for 5 minutes and centrifuged to remove insoluble 
material. The clear supernatant fluid was adjusted to pH 7.9 
(with NH,OH) and placed on a Dowex 1-formate column (3.6 x 
28cm). After the column was washed successively with distilled 
water (1 liter) and 0.15 m ammonium formate (2 liters), the 
hydroxymethylpyrimidine-P was eluted from the column with 
0.2 mM ammonium formate. The fractions containing hydroxy- 
methylpyrimidine-P were combined and taken to dryness in a 
vacuum. The residue was dissolved in 18 ml of water to give 2 
solution which contained approximately 1.5 umoles of hydroxy- 
methylpyrimidine-P per ml (estimated from spectrophotometric 
determinations). The hydroxymethylpyrimidine-P could have 
been freed of the ammonium formate also present in the solution 
by adsorption of the pyrimidine to charcoal followed by subse- 
quent elution (6), but this procedure was not followed because 
the ammonium formate did not affect the enzymatic reactions 
for which hydroxymethylpyrimidine-P was tested as substrate. 


RESULTS 


Relative Rates of Formation of Phosphate Esters of Hydroxy- 
methylpyrimidine—To provide a rough indication of the relative 
rates of formation of the mono- and pyrophosphate esters of 
hydroxymethylpyrimidine, hydroxymethylpyrimidine, ATP and 
enzyme (Fraction 1) were used to prepare a reaction mixture as 
described in Fig. 1. As shown in the figure, demonstrable 
amounts of hydroxymethylpyrimidine-P (Ry, 0.45; Fig. 1) were 
formed after 10 minutes, whereas the formation of hydroxy- 
methylpyrimidine-PP (Rr of 0.25) became apparent only after 
60 minutes. The time at which these compounds appeared 
varied somewhat from one experiment to another depending on 
the relative activity and amount of the enzyme preparation used, 
but in all cases the appearance of the monophosphate preceded 
that of the pyrophosphate. These results suggested that two 
enzymes were present in the preparation, one of which was 
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Fig. 1. Drawing of a bioautogram which relates time of incuba- 
tion to the enzymatic formation of mono- and pyrophosphate 
esters of hydroxymethylpyrimidine. The reaction mixture con- 
tained: 0.058 mm hydroxymethylpyrimidine; 5 mm ATP; 10 mu 
MgCl; and 0.2 ml of enzyme (Fraction 1) in a total volume of 1.0 
ml of 0.1 m phosphate buffer (pH 7.0). Incubation was at 38°. 
At the indicated time intervals 2- to 3-ul samples were withdrawn 
from the reaction mixture and immediately spotted on a Whatman 
No. 1 paper sheet (drying of the spot was accelerated with the 
aid of an infrared lamp). The chromatogram was developed, 
sprayed with alkaline phosphatase, and used to prepare a bio- 
autogram according to directions given in ‘Experimental Pro- 
cedure.” 


TABLE I 


Nucleoside triphosphate requirements for enzymatic formation of 
mono- and pyrophosphate esters of hydroxymethylpyrimidine 
Reaction mixtures contained: 0.058 mm hydroxymethylpyrimi- 

dine; 10 mm MgCl.; 0.2 ml of enzyme Fraction 1, and 1 mm nucle- 

oside triphosphate, in a total volume of 1.0 ml of 0.1 m phosphate 
buffer, pH 7.0. After incubation for 3 hours at 38° the reaction 

mixtures were analyzed as described in Fig. 1. 





Nucleoside triphosphate added to 


reaction wikture Rp values of observed growth zones 








PIs oawcwese es eanaciee eee 0.75 

ct Sito badiecnoemeauek ie 0.75, 0.45 

Ci eck. ccs ins ee ee 0.75, 0.45 

esi cae cia, oe 0.75, 0.45 

Bs ii sl Wit vis a lekic ten rao ee 0.75, 0.45, 0.25 





responsible for the formation of the monophosphate and the 
other for the formation of the pyrophosphate. 

Nucleoside Triphosphate Requirements for Formation of Phos- 
phate Esters of Hydroxymethylpyrimidine—Until now, ATP was 
the only nucleoside triphosphate tested as a phosphate donor for 
the enzymatic synthesis of phosphate esters of hydroxymethyl- 
pyrimidine. The results of an experiment to test the activities 
of other nucleoside triphosphates in the system are given in 
Table I. UTP, CTP, and GTP all were able to replace ATP 








for the formation of hydroxymethylpyrimidine-P; however, the 
pyrophosphate ester was formed only in the presence of ATP. 
These results provided support for the conclusion that two en- 
zymes are involved in the formation of the phosphate esters. 

Stability of Enzymes to Heat and to Treatment with p-Hydroxy- 
mercuribenzoate—Camiener and Brown (2) found that the en- 
zymatic activity of Fraction 1 for the formation of hydroxy- 
methylpyrimidine-PP was destroyed by heating for 10 minutes 
at 55°. As shown in Table II, such a heated enzyme preparation 
retained the ability to catalyze the formation of the monophos- 
phate ester but was not able to catalyze the formation of the 
pyrophosphate. In a similar experiment boiled enzyme was 
shown to have lost the ability to catalyze the formation of both 
the mono- and pyrophosphates. 

The observation that the enzymatic activity of Fraction 1 is 
protected from inactivation by cysteine (1) suggested that an 
enzyme which is necessary for the formation of hydroxymethyl- 
pyrimidine-PP might contain a sulfhydryl group and might, 
therefore, be subject to inhibition with sulfhydryl-blocking agents 
such as p-hydroxymercuribenzoate. The results given in Table 
II show that 1 mm p-hydroxymercuribenzoate inhibited com- 
pletely the formation of hydroxymethylpyrimidine-PP, but had 
no effect on the formation of the’monophosphate. 


TABLE II 


Differences in stability to heat and to treatment with p-hydrozry- 
mercuribenzoate between enzymes which catalyze formation of 
mono- and pyrophosphate esters of hydroxymethylpyrimidine 

(he composition of the reaction mixtures was identical with 
that described in Fig. 1, except that the enzyme solutions used 
were either Fraction 1 (complete system), Fraction 1 which had 
been heated to 55° for 10 minutes (heated enzyme), or Fraction 1 
which had been boiled for 10 minutes (boiled enzyme). In addi- 
tion, a reaction mixture was prepared which was similar to the 
complete system except that it was made 1 mm with respect to 
p-hydroxymercuribenzoate. After incubation for 3 hours at 38°, 
the reaction mixtures were analyzed as described in Fig. 1. 





Reaction mixture | Rr values of observed growth zones 
| 





Complete system................ 0.75, 0.45, 0.25 


Heated enzyme................. 0.75, 0.45 

Boned GNSYME... os 0.75 

Complete system + p-hydroxy- | 
mercuribenzoate.............. | 0.75, 0.45 





TABLE III 


Direct enzymatic conversion of hydroxymethylpyrimidine-P 
to hydroxymethylpyrimidine-PP 

The complete reaction mixture contained hydroxymethyl- 
pyrimidine-P (approximately 0.015 mm), 10 mm MgCl.; 10 mm 
ATP, and 0.2 ml of enzyme Fraction 1 in a total volume of 1.0 
ml of 0.1 m phosphate buffer, pH 7.0. After incubation for 3 
hours at 38°, the reaction mixtures were analyzed as described 
in Fig. 1. 





Reaction mixture Rr values of observed growth zones 








SS ee 0.45, 0.25 
Minus ensyme................... 0.45 
|) ae | 0.45 
pera. eee 0.45 
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I 
Enzymatic Formation of Hydroxymethylpyrimidine-PP from 


Hydroxymethylpyrimidine-P—The results presented above pro. 
vide convincing evidence for the existence of two enzymes, one 
of which converts hydroxymethylpyrimidine to hydroxymethyl. 
pyrimidine-P and another which is necessary for the formation 
of hydroxymethylpyrimidine-PP. However, these results do 
not indicate whether or not both enzymes are involved in the 
synthesis of the pyrophosphate and, therefore, whether or not 
hydroxymethylpyrimidine-P is an intermediate. In order to 
obtain evidence for the nature of the reaction sequence, hydroxy- 
methylpyrimidine-P was incubated with Fraction 1 in the pres. 
ence and absence of ATP. The results of Table III show that 
hydroxymethylpyrimidine-PP was formed only in the presence 
of ATP and that the reaction was dependent on the presence of 
Mg++ (added as MgCl. or as MgSO,). The fact that no free 
hydroxymethylpyrimidine was formed either in the presence or 
the absence of ATP (Table ITI), leads to the conclusion that the 
monophosphate was converted directly to the pyrophosphate 
without the intermediate formation of free hydroxymethyl- 
pyrimidine. In other experiments it has been found that ATP 
cannot be replaced effectively by other nucleoside triphosphates 
for the formation of hydroxymethylpyrimidine-PP from the 
monophosphate, a result which duplicates the observations with 
hydroxymethylpyrimidine as substrate (Table I). 

Activation with Divalent Cations—Of several divalent cations 
which were tested only Mn++ and Mg++ were effective as acti- 
vators for the formation of hydroxymethylpyrimidine-PP from 
the monophosphate. It has not yet been possible to demonstrate 
an absolute metallic ion requirement for the enzymatic conver- 
sion of hydroxymethylpyrimidine to the monophosphate. 


DISCUSSION 





as 


The results presented in the present paper show conclusively | 


that yeast extracts contain two enzymes which are responsible 
for the formation of mono- and pyrophosphate esters of hydroxy- 
methylpyrimidine. The first enzyme (“hydroxymethylpyrimi- 
dine kinase’’) catalyzes the formation of hydroxymethylpyrimi- 
dine-P from hydroxymethylpyrimidine and any one of a number 
of nucleoside triphosphates. Although no metal requirement 


could be demonstrated for this enzyme, it is possible that some | 


metals may remain bound to the protein even after dialysis and 
purification on a DEAE-cellulose column. The second enzyme 
(“hydroxymethylpyrimidine phosphokinase”) catalyzes the for- 


— 


mation of hydroxymethylpyrimidine-PP from hydroxymethyl- | 
pyrimidine-P and ATP in the presence of either Mn++ or Mg**. | 


No other nucleoside triphosphate will replace ATP as phosphate | 


donor for the latter reaction. Other distinguishing character- 


istics of the two enzymes are: hydroxymethylpyrimidine kinase | 


is stable to heating at 55° for 10 minutes and is not inactivated 
by treatment with p-hydroxymercuribenzoate whereas hydroxy- 
methylpyrimidine phosphokinase is inactivated by these two 
procedures. 

It seems likely from the data of the present paper that hydroxy- 
methylpyrimidine-P is an obligate intermediate in the enzymatic 
synthesis of hydroxymethylpyrimidine-PP; however, the possi- 
bility remains that a third enzyme also present in the enzyme 
preparation independently effects the formation of the pyrophos- 
phate ester by direct transfer of a pyrophosphate group from 
ATP to hydroxymethylpyrimidine. This possibility seems un- 
likely since, to conform with the data, such an enzyme would 
have to possess exactly the same physical and biochemical char- 


Both enzymes are inactivated by heating to boiling. — 
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Phosphorylation coupled to the oxidation of the citric acid 
cycle substrates in rat liver mitochondria is uncoupled by cad- 
mium ion (1). The uncoupling is reversed readily by dithiol 
compounds but not by monothiols. Arsenite in combination 
with roughly equivalent 2,3-dimercaptopropanol is also an 
effective uncoupling agent (2).1 Again the uncoupling is over- 
come in the presence of excess 2,3-dimercaptopropanol. The 
arsenite-2 ,3-dimercaptopropanol combination also activates 
adenosine triphosphatase in mitochondria in a manner quite 
analogous to the effect of 2,4-dinitrophenol. These results have 
been considered indicative of the possible involvement of dithiols 
in the oxidative phosphorylation process. Further results docu- 
menting the phenomenon are described in this communication. 
Some of these results have been reported in preliminary com- 
munications (3). 


EXPERIMENTAL PROCEDURE ‘ 7 


The preparation of rat liver mitochondria and manometric 
assays were carried out as described before (1). Unless other- 
wise specified, the mitochondria were incubated with arsenite 
and BAL,? singly or together, in 0.3 m sucrose at 0° for approxi- 
mately 10 minutes before the assay. One milliliter of this sus- 
pension was transferred to Warburg flasks which had the remain- 
ing components of the reaction medium in 2.0 ml. When 
succinate was the substrate, 6 to 8 mg of mitochondrial protein 
were used. With the other substrates 10 to 12 mg were routinely 
employed. The results were similar whether BAL or arsenite 
was added to the mitochondria first, followed by the addition of 
the second reagent. However, if arsenite and BAL were pre- 
mixed before addition of mitochondria, the effects were de- 
creased. The loss of the arsenite-BAL* effect appeared to be 
time-dependent and was probably related to precipitation of the 
complex which occurs immediately at concentrations greater 
than 0.2 mm at neutral pH values. 

For the experiments on the reversal of the effect by excess 
BAL, the mitochondria were incubated with arsenite and ap- 
proximately equivalent BAL in 0.3 m sucrose for about 5 minutes, 
and then the excess BAL was added. The concentrations of 


1 This communication forms Paper I of the series ‘‘On the Mech- 
anism of Oxidative Phosphorylation.”’ 

2 The abbreviation used is: BAL, 2,3-dimercaptopropanol. 

3 The combination of arsenite and BAL will be referred to as 
arsenite-BAL for convenience. The concentration given will be 
that of the reagent that is present in lower concentration, which 
is nearly equivalent to the complex concentration. 


the components in the data refer to the final value in the reaction 
mixture. 

ATP-P;* exchange was determined as described by Lindberg 
and Ernster (4). Pj? was removed by extraction as phospho- 
molybdate into butanol-benzene, and the aqueous layer contain- 
ing the organic phosphates was plated and counted in an end 
window GM counter. In one experiment the reaction mixture 
was fractionated on a Dowex 1 (Cl-) column, and the esterified 
P®? was found in the ATP fraction. 

All solutions added to the incubation system before the assay 
were prepared in 0.3 m sucrose. The thiol compounds were dis- 
solved in deoxygenated media and kept under nitrogen. The 
BAL solution was prepared fresh daily by pipetting 0.02 ml of 
the compound in 10 ml of 0.3 m sucrose and bubbling nitrogen 
through the medium for 10 minutes. 


~ 


The BAL concentration | 


was determined by its ability to reduce 2,6-dichlorophenol- | 


indophenol (5). Occasionally the final solution was somewhat 
turbid, but this did not appear to affect the results. The BAL 
was added in slight excess in order to ensure the presence of 
sufficient dithiol to react with the arsenite in spite of unavoid- 
able aerobic oxidation during the incubation. However, the 
results generally were the same even if arsenite was in substantial 
(10-fold or more) excess over BAL. 


~ 


All chemicals employed were of commercial origin with the 


exception of pi-thioctamide which was prepared as indicated 
previously (6). 


RESULTS 


Effects of Arsenite—It was shown earlier (2) that 1 to 3 mu 


arsenite stimulated succinate oxidation 30 to 50% and lowered 
the P:O from a value around 2.0 to approximately 1.0. The 
oxidation of 8-hydroxybutyrate was also inhibited and the 
P:O was lowered again by approximately 1.0 unit. 
senite concentration shown in the data with B-hydroxybutyrate 
in the previous paper is in error by a factor of 10. The half- 
maximal effects are generally obtained at 0.2 to 0.3 mm instead 
of 2 to 3 mm as reported. The effects of arsenite on oxidative 
phosphorylation with malate and citrate as substrates are shown 
in Fig. 1. Arsenite strongly inhibited the oxidation of both 
substrates and also produced significant uncoupling, the half- 
maximal effects being obtained at approximately 0.05 mm. The 
uncoupling effect at these low levels of arsenite is in contrast to 
the effects with other substrates. Addition of 1 mm DPN af- 
forded slight protection so that a higher concentration was now 
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required for a given inhibition of oxidation. TPN, unlike DPN, 
did not alter the oxidative rate with citrate (data not shown). 
Uncoupling of phosphorylation by the addition of 2,4-dinitro- 
phenol or by prior incubation of the mitochondria for 45 minutes 
at 30° (7) did not change the arsenite sensitivity of citrate oxida- 
tion. 

The extreme sensitivity of glutamate oxidation to arsenite 
(50% inhibition at 0.005 mm) has been indicated previously (2). 
The oxidation of a-ketoglutarate has been found to be equally 
sensitive (50% inhibition around 0.005 mm). No effect on 
phosphorylation was apparent with either substrate at levels of 
arsenite which still allowed sufficient oxidation for reasonably 
accurate measurement of P:O. 

Effects of Arsenite-BAL—We have already shown (2) that 
0.1 to 0.2 mM arsenite-BAL uncoupled the phosphorylation 
associated with the oxidation of succinate in rat liver mito- 
chondria. Phosphorylation became recoupled when a 5- to 
10-fold excess of BAL was added to the mitochondria previously 
exposed to arsenite-BAL. An examination of the effect of 
arsenite-BAL on pyridine nucleotide-linked substrates revealed 
a general strong inhibition of oxidation which could be restored 
by the addition of DPN, thus revealing the uncoupling effect. 

6-Hydroxybutyrate—The above effects are most obvious in the 
case of B-hydroxybutyrate where arsenite alone at this level 
gave variable but slight (less than 30%) inhibition of oxidation 
(2). In combination with roughly equivalent BAL, 0.1 mm 
arsenite consistently gave strong inhibition of oxidation, and 
the inhibition was reversed by the addition of DPN (Table I). 
The restoration of oxidation by DPN exposed the strong un- 
coupling effect of arsenite-BAL. 
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Fig. 1. Effect of arsenite on the oxidation of (A) malate and 
(B) citrate and coupled phosphorylation. Mitochondria were in- 
cubated with sodium arsenite, pH 7.4, in 0.3 m sucrose for 10 
minutes in an ice bath. One milliliter of the incubation mixture 
containing 10 mg of protein was then added to the remainder of 
the reaction mixture in Warburg flasks to give a final reaction 
volume of 3 ml. The assay mixture contained 10 mm phosphate, 
pH 7.4,2 mm ATP, 7 mm MgCle, 10 mm glucose, 0.5 mg of hexo- 
kinase, 0.2 m sucrose, and 7 mm malate or citrate. Where indi- 
cated, 1 mm DPN was also present. Arsenite concentration refers 
to the level in the final 3 ml of reaction mixture. Control oxygen 
consumption was 7.3 watoms in 18 minutes in the case of citrate 
and 6.6 watoms in 18 minutes in the case of malate. @——®, 
oxygen consumption (minus DPN); g——g, oxygen consumption, 
plus DPN; © - ---O, moles 0, phosphate esterified per equivalent 
—e consumed (P:O) (minus DPN); O----O, P:0O plus 
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TABLE I 


Effect of arsenite-BAL on oxidative phosphorylation 
with B-hydroxybutyrate 
The reactions were carried out as described in Fig. 2 except that 
7 mM potassium DL-8-hydroxybutyrate was the substrate, and 7 
mM MgCl: was employed. Where indicated, 0.18 ug of antimycin 
A was present as part of the reaction medium. 








| 
Experiment Arsenite | BAL | DPN |Antimycin| Oxygen P:0 
ee | 
mM X 10 1mM patoms . 
1 | | _ - 6.0 | 2.7 
} 1.0 | ~ - 3.6 2.9 
1.0 | 2.0 - _ 0.8 
2 _ _ 5.8 2.1 
1.3 - - 5.0 2.2 
+ - 6.0 2.0 
1.0 2.0 - - 2.4 0.5 
1.0 2.0 + _ 5.4 0.1 
3 | - - 7.4 2.7 
— a 0.9 
+ + 0.9 
pe | 2.7 - _- 1.5 1.4 
* | 2.7 + - 7.2 0.4 
te | 2.7 + + 0.6 
4 - ed 6.2 2.1 
0 6) a6 - 1.8 0.4 
1.0 2.0 + - 5.1 0.2 
1.0 6.7" — — 6.9 1.6 
1.0 6.7* + saad 7.8 1.5 


























* Excess BAL. 


Glutamate and a-Ketoglutarate—The oxidations of glutamate 
and of a-ketoglutarate are highly sensitive to arsenite alone, 
striking inhibition being observed at 0.02 mm arsenite (2). This 
extreme (low level) sensitivity is counteracted by excess BAL 
(Table II, Experiment 1). As the arsenite-BAL concentration 
is increased to 0.1 to 0.2 mm, inhibition of oxidation becomes 
apparent (Experiments 2 and 3) as in the case of 8-hydroxy- 
butyrate. This inhibition is reversed, but only partially, by 1 
mM DPN (Experiment 3). Again, under these conditions, the 
uncoupling effect of 0.1 mm arsenite-BAL with glutamate be- 
comes apparent. a-Ketoglutarate oxidation responds to ar- 
senite-BAL in the same manner as does glutamate oxidation. 

Citrate and Malate—Both oxidation and coupled phosphoryla- 
tion with citrate and malate are sensitive to 0.1 mm arsenite 
(Fig. 1) so that addition of equivalent BAL makes no change. 
However, if DPN is also present with arsenite-BAL, oxidation 
is restored to the normal level and strong uncoupling is evident 
(Table III). On the other hand, DPN in combination with 
arsenite (and no BAL) did not restore the oxidation. It may 
be of significance that TPN failed to restore the arsenite-BAL- 
inhibited oxidation of citrate. 

Ascorbate—Oxidative phosphorylation in the terminal electron 
transport sequence has been demonstrated with exogenous re- 
duced cytochrome c as the substrate, ascorbate being used to 
maintain the cytochrome in the reduced state (8). Among the 
various possible experimental conditions suitable to carry out 
the reaction (9), measurement at pH 8.5 was selected for the 
sake of its simplicity. Table IV shows that both arsenite and 








TaB_e II 
Effect of arsentte-BAL on oxidative phosphorylation with 
glutamate and a-ketoglutarate 
The reactions were carried out as described in Fig. 2 except that 
either 7 mm potassium L-glutamate or potassium a-ketoglutarate 
was employed as the substrate. The MgCl: level was 7 mm. 





























Experiment Substrate | = | BAL | DPN | Oxygen; P:O 
| | 
| mm X 10 i mM | patoms 
1 Glutamate | = 6.4 2.6 
0.17 | |} — | 1.5] 2.3 
0.17 | 0.33 | — 4.4 | 2.1 
0.17 | 3.3 _- 1.9 | 2.3 
/3.3 | — | 8.2] 2.6 
2 Glutamate | — | 6.0/ 2.8 
0.17/6.7 | — | 9.9] 2.5 
0.67 | 6.7 - 7.6 | 2.5 
Tt +67 - 0.6 
3 Glutamate | = 6.8 | 2.7 
1.0 | 1.3 - 0.3 
1.0/1.3 | + | 3.9] 0 
1.0 6.7* - §.7 | 2.4 
1.0 |6.7*| + 5.9 | 2.4 
4 a-Ketoglutarate | = 0 1 2 
| 1.7 | — | 1.0} 1.1 
Lu | 2.0 uy 0.7 
5 a-Ketoglutarate | _ 5.9 | 3.3 
| | 1.0 | 1.1 | -— | 0.7 
| 11.0 | 1.1 | + | 4.1] 0.3 
* Excess BAL. - 
TaB_eE III 


Effect of arsenite-BAL on oxidative phosphorylation with 
citrate and malate 
The reactions were carried out as described in Fig. 1. Both 
arsenite and BAL were incubated with the mitochondria in 0.3 
m sucrose for 10 minutes at 4° before addition to reaction medium. 
Concentrations are those present in the final reaction mixture. 














Experiment | Substrate | Arsenite BAL DPN Oxygen P:0 
mM X 10 lm patoms 
1 Citrate _ 10.2 2.8 
1.0 1.6 ~ 2.3 0.9 
1.0 1.6 + 8.0 0.2 
2 Citrate _ 6.8 2.6 
1.0 - 2.3 1.0 
1.0 1.2 - 2.4 0.4 
1.0 ee) * 2.7 0.7 
3 Malate | i 5.7 3.3 
| 1.0 } = 2.5 | 1.1 
|} 10 | 18 | - 2.1 | 0 
| 1.0 1.3 Be. 5.5 0 

















* TPN was used instead of DPN. 


BAL independently reduce the P:O partially, but together 
they uncouple phosphorylation completely. BAL is rapidly 
oxidized under these conditions, without concomitant phos- 
phorylation, by a pathway which is only partly dependent on 
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exogenous cytochrome c. Whether the partial uncoupling by 
the relatively low levels of BAL is related to this reaction remains 
to be investigated. 

Antimycin Sensitivity—Since the restoration of oxidation by 
DPN might also be attributed to the operation of a nonphos. 
phorylative electron transport pathway, the effect of antimycin 
A was examined. It was found that the oxidation of B-hydroyy. 
butyrate which was restored by DPN addition to the arsenite. 
BAL-inhibited system was fully sensitive to antimycin A (Table 
I). This would indicate that the electron transport pathway js 
not altered by the presence of the uncoupling agent. 

Other Thiol Compounds -The effect of BAL in potentiating the 
uncoupling effect of arsenite on succinate oxidation could be 
duplicated by two other dithiol compounds, potassium dihy- 
drolipoate and dihydrolipoamide (Table V). However, the 
several monothiol compounds, (cysteine, glutathione, mercapto- 
ethanol, thioglycollate) that were tested in the system generally 
did not alter the effect of 0.1 mm arsenite, even when the sulf. 


hydryl compounds were in 20-fold molar excess over the arsenite, | 


Reversal by Excess BAL—If mitochondria are exposed to 
arsenite-BAL and then additional BAL is added, the uncoupling 
effect as well as the inhibition of oxidation of pyridine nucleo- 
tide-linked substrates (without added DPN) are no longer ob- 
tained. The effects of excess BAL added in this manner on 
oxidative phosphorylation with 6-hydroxybutyrate and gluta- 
mate are shown in Tables I (Experiment 4) and II (Experiment 
3). Although the exact control P:O values are not always re- 
stored, they have been approached in every instance. It may 
be noted that addition of DPN is not required in the presence 
of excess BAL for effective oxidation. Thus, the loss of oxidative 
activity in the presence of arsenite-BAL cannot be attributed 
to loss of DPN from the mitochondria during the incubation 
before assay. 

Reversal of uncoupling by dithiol compounds other than BAL 
was not attempted as dihydrolipoamide was not sufficiently 
water-soluble, and sodium dihydrolipoate at higher levels (1 mm) 
produced uncoupling, presumably due to its detergent effect 


TaBLe IV 


Effect of arsenite-BAL on oxidative phosphorylation with 
ascorbate and cytochrome c 


The reactions were carried out as described in Fig. 2 except for 
the use of 7 mm ascorbate and 1 mg of cytochrome c in place of 
succinate. The MgCl. level was 7 mm. Both arsenite and BAL 
were allowed to incubate with the mitochondria before addition 
to the reaction media. The reaction mixture also contained 7.5 
mo Tris (pH 8.5) to maintain a hydroxyl ion concentration suff- 
cient to allow coupled oxidative phosphorylation in this system. 
The reaction time was 24 minutes and 8 mg of mitochondria were 
present. 











Experiment Arsenite BAL Oxygen P:0 
ae mM X 10 patoms 
1 10.8 0.75 
0.33 0.40 10.9 0.67 
1.0 1.20 16.9 0.06 
2 6.0 0.96 
1.0 6.4 0.59 
1.5 6.6 0.36 
| 1.0 1.5 11.6 0.00 
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since the compound may be regarded as a “soap.” Reversal 
of the effect of arsenite-BAL could be obtained with cysteine 
and mercaptoethanol, but only when added in great excess (70 
mM). 
TABLE V 
Effect of arsenite in combination with different thiol 
compounds on oxidative phosphorylation 

The reactions were carried out as described in Fig. 2 and 7 mm 

MgCl: was employed. The thiol compounds were present along 


with the arsenite in the mitochondrial incubation before addition 
to the reaction medium. 

















Experiment | Arsenite | Thiol compound Oxygen P:0 
Bess); mu X 10 uatoms 

1 | 11.2 1.7 

1.3. | Glutathione, 2.6 8.2 1.8 

1.3 | Glutathione, 26.0 8.3 2.0 

2 | 9.4 | 1.8 

1.3 Cysteine, 2.6 9.3 1.5 

1.3 Cysteine, 6.7 9.1 i 

1.3 CoA-SH, 2.6 10.1 1.5 

1.3 | CoA-SH, 6.7 10.2 1.5 

3 10.4 1.9 

1.3 Thioglycollate, 2.6 10.2 1.6 

1.3 Thioglycollate, 6.7 8.3 1.9 

4 8.2 2.1 

1.3 Dihydrothioctamide, 1.3 8.3 0.4 

Dihydrothioctamide, 1.3 | 10.7 2.0 

5 13.7 1.4 

1.0 | Dihydrothioctate, 1.0 10.1 0.1 

Dihydrothioctate, 1.0 9.3 1.0 














OXYGEN, # ATOM 
O/d 
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Fig. 2. Effect of alterations in the magnesium ion concentra- 
tion on the action of arsenite-BAL. Arsenite and BAL were in- 
cubated with mitochondria in 0.3 m sucrose for 10 minutes at 4° 
before addition of 1 ml of the mixture to the remainder of the 
reaction medium in a2 ml volume. The assay mixture contained 
10mm phosphate, 2mm ATP, 10 mM glucose, 0.5 mg of hexokinase, 
0.2 M sucrose and 7 mM succinate. Magnesium chloride was pres- 
ent as indicated. The results were identical when it was included 
in the mitochondrial incubation system. Each reaction flask 
contained 8 mg of mitochondrial protein and the reaction time 
was 18 minutes, @——@, oxygen consumption (control); ™j—™, 
oxygen consumption with 0.13 mm arsenite and 0.15 mm BAL 
present; O----O, P:O (control); O----O, P:0 with 0.13 
mM arsenite and 0.15 mm BAL present. 


TaBLe VI 


Loss of respiratory control in mitochondria in presence 
of arsenite-BAL 

The reaction was carried out as described for Fig. 2 with 7 mm 
MgCl. present, except that both ATP and hexokinase were 
omitted from the system. Each flask had 10 mg of mitochondrial 
protein and the reaction was run for 12 minutes. With the com- 
plete oxidative phosphorylation system, 8.9 atoms of oxygen were 
taken up in a parallel experiment. 





Arsenite BAL DNP Oxygen 





mm X 10 patoms 
3.4 


—_ 
me 


2.7 

2.7 10.1 
27 

27 











0.33 10.9 





Tasie VII 
Inhibition of ATP-P;* exchange 
Rat liver mitochondria (0.8 mg) were incubated in 1 ml of 4 
mM phosphate (21,000 c.p.m.), pH 7.4, 0.42 mm ATP, 1.5 mm 


MgCl, 0.3 mM sucrose, and indicated additions at 22° for 10 min- 
utes. 











Addition ATP 

c.p.m 

TI ays isa ccue stents <> yeas. WIG opie andere 412 
po) eR to es ac ee 202 
Er I oe os oc cet he hoe ree hee 521 
Reena = Bs A Ee ES 31 
Arsenite + BAL, excess BAL (1.2 mm)........ 339 
2,4-Dinitrophenol (0.1 mM).................... 45 





Antagonism by High Mg*++—Similar studies‘ on the uncoupling 
of oxidative phosphorylation by arsenite-BAL in beef heart 
mitochondria indicated that high levels of Mg++ might antag- 
onize the effects of the uncoupling agent as in the case of un- 
coupling by thyroxine (10). When the effect of Mg++ concen- 
tration on the uncoupling effect of 0.1 mm arsenite-BAL was 
examined on succinate oxidation in liver mitochondria, it was 
found that levels greater than 7 mm did indeed reduce, but not 
completely eliminate, the uncoupling effect (Fig. 2). The re- 
sults were identical whether the Mg*+ was present in the mito- 
chondrial incubation mixture before the assay or was added to 
the assay mixture. 

Respiratory Control—‘Tightly coupled” mitochondria oxidize 
the different substrates at reduced rates in the absence of phos- 
phate acceptors (11). This respiratory control is lost in the 
presence of dinitrophenol. Arsenite-BAL (0.1 mm) has been 
found to cause a similar loss of control shown by stimulation 
of the oxygen uptake in an ADP-free medium (Table VI). 

ATP-P;* Exchange—The exchange of P*-labeled phosphate 
with ATP appears to be an expression of the mitochondrial 
coupled phosphorylation reactions but independent of oxidation 
(12, 13). Table VII shows that 0.05 mm arsenite partially 
inhibits the reaction whereas BAL activates it. With the two 


4M. J. Fletcher, A. L. Fluharty, and D. R. Sanadi, unpublished 
data. 
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Fic. 3. Inhibition of the succinic oxidase activity of disrupted 
rat liver mitochondria by arsenite-BAL. Rat liver mitochondria 
which had been disrupted by repeated freezing and thawing were 
employed for this experiment. The succinic oxidase activity was 
assayed in the system employed for oxidative phosphorylation 
experiments of Fig. 2 with 7 mm MgCl: present. No phosphate 
esterification was observed in these experiments. Arsenite and 
BAL were present in equimolar concentrations. The reaction was 
allowed to proceed for 30 minutes in the presence of 8 mg of pro- 
tein. 


compounds together, the reaction is almost totally inhibited in 
the same manner as observed with dinitrophenol. Again, excess 
BAL largely restores the activity. 

Inhibition of Electron Transport—It was seen that increasing 
the level of arsenite-BAL to 1 mm produced strong inhibition of 
succinate oxidation in liver mitochondria (2). This inhibition 
was not relieved by the addition of dinitrophenol. Similar in- 
hibition was observed (Fig. 3) with nonphosphorylative mito- 
chondrial fragments obtained by repeated freezing and thawing 
of liver mitochondria or with the Keilin-Hartree type of particles 
(14) from hog hearts. Thus, the inhibition of oxidation with 
1 mm arsenite-BAL is independent of the coupled phosphoryla- 
tion reactions. 


DISCUSSION 


Effects of Arsenite on Oxidation—The effect of arsenite on 
phosphorylative oxidation in liver mitochondria varies with the 
substrate. Succinate is unique since it is the only substrate 
whose oxidation is stimulated by arsenite. This stimulation is 
observed at levels in excess of 1 mm which is well above the 
concentration range that is generally necessary for inhibition of 
dithiol enzymes. The pyridine nucleotide-linked substrates fall 
into three classes distinguished both by their sensitivity to ar- 
senite and by the effect of DPN on the arsenite-inhibited oxida- 
tion: 

1. 6-Hydroxybutyrate oxidation is least sensitive with half- 
maximal effect being observed between 0.2 and 0.5 mm. Addi- 
tion of DPN largely restores the oxidation. These results are, 
for the most part, consistent with the data of Hunter et al. (15, 
16). 

2. The oxidation of malate and citrate exhibits greater sensi- 
tivity, the level of arsenite necessary to produce half-maximal 
inhibition being approximately 0.02 mm. The presence of DPN 
merely shifted this concentration to between 0.03 and 0.05 mm. 

3. This group includes glutamate and a-ketoglutarate whose 
oxidation is highly sensitive to arsenite, half-maximal effects 
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being observed at less than 0.005 mm. Addition of DPN mage 
no detectable difference to the inhibited oxidation. 

The most readily explained effect is that on a-ketoglutarate 
since it is known that the purified a-ketoglutaric dehydrogenase 
complex is inhibited strongly by arsenite (17). This inhibition | 
could also account for the effect on the oxygen uptake with 
glutamate since Borst and Slater (18) have recently demonstrated 
that glutamate gives rise to a-ketoglutarate by transamination 
and the latter is then oxidized in heart sarcosomes. If the same 
pathway operates in liver mitochondria, the observed high sengj- 
tivity to arsenite might be expected. 

Uncoupling by Arsenite—The effect of arsenite on the reac. 
tions that lead to coupling of phosphate esterification also varies 
with the substrate being oxidized. With succinate and 8-hy. 
droxybutyrate, 1 to 2 mm arsenite produced partial uncoupling, 
the net decrease in P:O being less than 1 unit. This level 
of arsenite is higher than is generally required to inhibit en- 
zymatic reactions believed to involve dithiol functional groups 
(17, 19, 20) and is within the range where monothiol enzymes 
might be inhibited. Arsenite at a concentration less than 0.01 
mM did not uncouple phosphorylation although it did inhibit 
strongly the oxidation of glutamate and a-ketoglutarate oxida- 
tion. Intermediate levels of arsenite (approximately 0.1 mw), 
which are consistent with dithiol binding, do uncouple phos- 
phorylation with citrate and malate (Fig. 1). The effect is 
apparent despite the strong inhibition of oxidation. The in- 
hibition of oxidation and the uncoupling by different levels of 
arsenite are closely parallel which may indicate the similarity 
of the functional groups involved. The inhibition of oxidation 
is not the result of inhibition of the phosphate transfer reactions, 
a situation which is encountered in tightly coupled mitochondria 
in the presence of oligomycin (21), since addition of dinitro- 
phenol or pretreatment of mitochondria to dissociate phosphoryl- 
ation from oxidation did not restore the oxidation. 

Effects of Arsenite-BAL—The phosphorylation coupled to the | 
oxidation of all of the substrates examined so far is uncoupled | 
by 0.1 mm arsenite in combination with roughly equivalent BAL. 
With the pyridine nucleotide-linked oxidations, DPN addition 
is required to maintain oxidative activity. The only observed 
effect of BAL alone at these and higher levels was stimulation 
of oxidation with little or no change in the P:O. The arsenite- 
BAL reagent, at uncoupling level, also stimulates ATPase (2) 
and inhibits the ATP-P;* exchange activity (Table VII) of liver 
mitochondria. These effects are fully comparable to the effects | 
of dinitrophenol. 

It seems unlikely that the cyclic dithioarsenite complex’ is 
acting by binding a monothiol functional group. Were this the 
mode of action of the arsenite-BAL, monothiol compounds would 
be expected to readily reverse the uncoupling. Actually, it was 
observed that monothiol compounds were far less effective than 
BAL as recoupling agents. Also, if the cyclic dithioarsenite 
were a strong reagent for monothiol groups, it might be expected 


5 When arsenite is mixed in solution with a dithiol compound 
such as BAL, or a derivative of reduced lipoic acid, a cyclic thio- 
arsenite is expected to be formed as shown below. Such deriva- 
tives of organic arsenicals have been isolated and characterized 
(22, 23). 

—SH =35 
| + O=As-OH =& As-OH 
—SH —s 
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to inhibit enzymes definitely known to require free sulfhydry! 
groups for activity. No such inhibition has been observed in 
this laboratory with yeast alcohol dehydrogenase, muscle lactic 
dehydrogenase, and liver glutamic dehydrogenase. If the 
jithiol-arsenite complex per se were an uncoupling agent, but 
py a mechanism different from —SH binding, it may be expected 
that excess BAL would not change the response since the con- 
centration of the complex would not be decreased by the presence 
of the excess. These reasons would tend to exclude the cyclic 
dithioarsenite per se as the reactive species responsible for the 
uncoupling. 

The most reasonable explanation of the data is that arsenite 

by itself cannot reach a functional site in the system but com- 
plex formation with BAL allows the arsenite to be transported 
across an undefined barrier. It may be noted that with malate 
and citrate as substrates, the uncoupling effect of arsenite alone 
is evident despite strong superimposed inhibition of oxidation 
Fig. 1). 
; hy similar requirement for BAL in addition to arsenite has 
been encountered in two other systems. Jurtshuk and Sekuzu 
(24) have recently reported that the soluble purified 6-hydroxy- 
butyric dehydrogenase from heart muscle mitochondria is in- 
hibited by Cd++ and by arsenite-BAL but not by arsenite alone. 
It is interesting to note that the purified enzyme showed absolute 
dependence on added a-lecithin for activity. The second ex- 
ample is the two- to threefold activation of myosin ATPase by 
arsenite-BAL but not by arsenite or BAL alone.‘ This activa- 
tion is similar to the results obtained with very low levels of 
p-chloromercuribenzoate (25) or certain heavy metal ions (26). 
The requirement for BAL in all of these systems could be due 
to the possible shielding of the reactive site within a hydrophobic 
region or crevice which is accessible to the complex because of 
its greater lipophilic nature. 

Arguments favoring the conclusion, that arsenite dissociated 
from the cyclic dithioarsenite is the reactive species in these 
experiments, have been presented previously (27). That the 
arsenite-BAL reagent can indeed act as a dithiol inhibitor in the 
same way as free arsenite, is suggested by its effect on the dihy- 
drolipoyl dehydrogenase flavoprotein. The participation of a 
dithiol group in the reduction of lipoamide by DPNH is indicated 
by the inhibition of the reaction by arsenite (19, 27) or Cd*+ 
(19), as well as by the more direct demonstration by titration 
with p-chloromercuribenzoate of the appearance in the protein 
of two new —SH groups in the presence of DPNH (28). The 


| inhibition of this reaction persisted even when BAL was added 


together with arsenite up to a molar ratio of BAL to arsenite of 
2:14 Higher levels of BAL overcame the inhibition in much 
the same manner as the effects on the oxidative phosphorylation 
system. This observation could account for the incomplete 
restoration by DPN of the arsenite-BAL-inhibited oxidation of 
a-ketoglutarate (Table II) in contrast to the complete restora- 
tion by DPN with 8-hydroxybutyrate, citrate, or malate (Tables 
I and III) as substrates. It is known that the dihydrolipoyl 
dehydrogenase is a component of a-ketoglutaric dehydrogenase 
complex (29, 30). 

The present results would thus reinforce the thesis that free 
arsenite is the inhibitory species in the uncoupling by arsenite- 
BAL, and that arsenite acts by reacting with a dithiol grouping 
functional in the oxidative phosphorylation system. Wiskich 
and Morton (31) have recently reported that a-lipoate (a cyclic 
disulfide) inhibited oxidations and coupled phosphorylation in 
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beet root mitochondria. They have proposed that the un- 
coupling by the disulfide may be related to the postulated dithiol 
involvement in the reaction. One possible mechanism by which 
the hypothetical dithiol could function in oxidative phosphoryla- 
tion has been presented briefly (2). Further elaboration of the 
mechanism and integration of the additional data presented in 
this communication will be published elsewhere. 


SUMMARY 


1. Arsenite strongly inhibited the oxidation of citrate and 
malate in liver mitochondria and uncoupled phosphorylation. 

2. A mixture of arsenite and roughly equivalent 2,3-dimer- 
captopropanol (BAL) inhibited the oxidation of pyridine nucleo- 
tide-linked substrates. Addition of diphosphopyridine nucleo- 
tide restored the oxidation and exposed the uncoupling action of 
arsenite-BAL. The restored oxidation was sensitive to anti- 
mycin A. 

3. The uncoupled phosphorylation could be largely recoupled 
in every case by the addition of excess BAL. 

4. The phosphorylation coupled to the oxidation of ascorbate 
in mitochondria was uncoupled by arsenite-BAL. 

5. BAL could be replaced by other dithiol compounds but not 
by monothiol compounds in the potentiation of arsenite un- 
coupling. 

6. High levels of Mg++ antagonized the uncoupling action of 
arsenite-BAL. 

7. The exchange of P**-phosphate with adenosine triphosphate 
was inhibited by arsenite-BAL, and the activity was restored 
by excess BAL. 

8. Arguments have been presented favoring the conclusion 
that arsenite is the active species responsible for these effects, 
and that BAL acts as a vehicle for transporting arsenite to the 
enzyme site which could be a dithiol. 
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p- and L-Lactic cytochrome c reductases differ in substrate and 
acceptor specificity (1-3), but the reaction mechanism of the 
two enzymes may be similar when cytochrome c is used as ac- 
ceptor (3, 4). D-Lactic cytochrome c reductase is inhibited com- 
petitively by glyoxalate, oxaloacetate, and a-ketoglutarate at the 
substrate site, and by various salts at the acceptor site (4). In 
this paper, the effects of these two types of inhibitors on p- and 
L-lactie cytochrome c reductases are compared in an attempt to 
demonstrate similarities or differences in the mechanisms in- 
volved at the active sites of the two enzymes. 


EXPERIMENTAL PROCEDURE 


Fatty acids were purchased from California Foundation for 
Biochemical Research; the dicarboxylic acids of the type 
HOOC—(CH:),—COOH (n from 1 to 8) were obtained from 
Fluka A. G. Chemische Fabrik. Other materials, as well as 
methods used in this study have been described elsewhere (1, 2, 
4). In this paper, L-lactic cytochrome c reductase of the soluble 
fraction of yeast homogenate is called “‘crude L-lactic cytochrome 
c reductase.” Except where otherwise stated, the preparations 
of p- and L-lactic cytochrome c reductases used are of the most 
highly purified type. 


RESULTS AND DISCUSSION 


D-Lactic Cytochrome c Reductase—In a previous paper (4), 
evidence has been presented to show that glyoxalate, oxaloace- 
tate, and a-ketoglutarate interact specifically at the substrate 
site of p-lactic cytochrome c reductase. As shown in Fig. 1, 
fatty acids also inhibit p-lactic cytochrome c reductase in a com- 
petitive manner. The inhibition is fully competitive both at 
4x 10-m and 0.9 x 10-'m cytochromec. Myristate, laurate, 
caprylate, butyrate, and acetate inhibit in decreasing order of 
effectiveness. Formate is a noncompetitive inhibitor. 

The number r in an enzyme-inhibitor complex 


E+rIf~-— EI, 
is related to various kinetic coefficients as follows (5, 6): 
tog ( —1) = vlog 1 + 6 (1) 
in which 
Kn 
C = log ——— ; 
°8 (Kn + S)Ki’ 





* This work was supported by the Norwegian Research Council 
for Science and the Humanities. 


(vo and v; denote reaction rates at the substrate concentration, S, 
in the absence and presence of inhibitor, respectively; K,,, the 
apparent Michaelis constant; K;, the inhibitor constant). 

The value of r is readily determined by plotting log [(v») /v; — 1] 
against log J and estimating the slope of the resulting line. Fig. 
2 shows the results obtained with various carboxylic acids. The 
inhibition appears to be of the El-type, that is, one molecule 
of inhibitor interacts with each substrate site. 

The inhibition by various a-ketocarboxylic acids decreases 
strongly with increasing ionic strength of the phosphate buffer 
((4); Fig. 2). The inhibiting power of fatty acids, on the other 
hand, is nearly the same in phosphate buffer of ['/2 = 0.01 and 
0.1. From these observations, and from kinetic data obtained 
previously, it can be concluded that the inhibitor constant, K;,, 
for a-ketocarboxylic acids decreases with the ionic strength, 
whereas K; for fatty acids remains fairly constant. 

When log K; of the fatty acids is plotted as a function of the 
number of —CH.— groups, a fairly straight line is obtained, 
that is, each additional group produces the same increment in 
log K;; from this increment the free energy of interaction of the 
—CH.— group with the enzyme may be determined (6, 7) by 
means of the following equation: 


= 
Ki 


AF = —RT-1n (2) 

The value thus obtained is —370 calories per mole. 

By the extrapolation of the line in Fig. 3 to —CH.— = 0,a 
value for log K; of the carboxylic ion may be obtained (6, 7). 
The free energy of interaction calculated from Equation 2 is 
—2800 calories per mole. It is generally believed that the main 
force of attraction between a charged group and a protein is the 
Coulomb attraction between the charge of the group and a com- 
plementary charge on the enzyme surface (6-11). 

Dicarboxylic acids of the type HOOC—(CH:),.—COOH, with 
n from 2 to 8, have a negligible effect. The —CH.— groups of 
these compounds may be prevented from interaction with the 
enzyme by a charge effect on the second carboxylic ion. 

L-Lactic Cytochrome c« Reductase—Glyoxalate, oxaloacetate, 
and a-ketoglutarate, which inhibit p-lactic cytochrome c re- 
ductase strongly, have a negligible effect on t-lactic cytochrome 
c reductase. Oxalate inhibits both enzymes, but the apparent 
K; for -lactic cytochrome c reductase is approximately 100 times 
higher than that for p-lactic cytochrome c reductase. 

Fatty acids have the same qualitative effect on L- as on D- 
lactic cytochrome c reductase (Figs. 4 to 6). The free energy 


2779 





2780 


c reductase by fatty acids. 


p- and t-Lactic Cytochrome c Reductases of Y east 





0.005 





VePEc. Act. 











V 


l 
1x104 mM"! 
D-LACTATE 


Fig. 1. Substrate-competitive inhibition of p-lactic cytochrome 


Buffer, sodium phosphate, Ir'/2 0.01, 


+ Versene, 0.001 mM; cytochrome c, 3.5 X 10-5 mM; pH 6.8; 23°. 1, 
Blank; 2, acetate, 0.012 m; 3, butyrate, 0.005 m; 4, butyrate, 
0.015 m; 5, myristate, 7.5 X 10-5 m; 6, caprylate, 0.0015 m. 
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Fiac. 2. Determination of the number (r) of inhibitor molecules, 
carboxylic acids, combining with the substrate site of p-lactic 
cytochrome c reductase, according to Equation 1. m denotes the 
molar concentration of the inhibiting carboxylic acid. Buffer, 
sodium phosphate, I'/2 0.01 or 0.1, + 0.001 m Versene; p-lactate, 





1 X 10-* mM; cytochrome c, 3.5 X 10° M; pH 6.8; 23°. 




















r, obtained 

Line Compound Buffer ie decade 
line 

1/2 

1 Oxalate 0.01 upper 0.7 
2 a-Ketoglutarate 0.01 lower 0.8 
3 Caprylate 0.01 lower 1.0 
4 | Glyoxalate 0.01 upper 0.8 
5 Glyoxalate 0.1 upper 1.0 
6 | n-Butyrate 0.01 lower 1.2 
7 | Myristate 0.01 upper 3 
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Fig. 3. The inhibitor constant, K;, of p-lactic cytochrome ¢ 
reductase-fatty acids as a function of the number of —CH.— 
groups of the fatty acids. The experimental values are taken in 
part from experiments recorded in Figs. 1 and 2. 

Fig. 4. Substrate-competitive inhibition of L-lactic cytochrome 
c reductase by butyrate and caprylate. Buffer, sodium phosphate, 
r'/2 0.1, + 0.001 m Versene; cytochrome c, 4 X 10-* Mm; pH 6.8; 23°. 
x——xX, blank; 41, butyrate, 0.015 m; O——O,, caprylate, 
0.0075 Mm; @——@, butyrate, 0.15 m; O——O, butyrate, 0.3 m. 
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Fic. 5. Determination of the number of fatty acid molecules | 


(r) combining with L-lactic cytochrome c reductase, according to 
Equation 1. m denotes the molar concentration of the fatty acid. 
Buffer, sodium phosphate, P'/2 0.1, + 0.001 m; t-lactate, 1 X 10 
M; cytochrome c, 4 X 10-5 m; pH 6.8; 23°. O——O, laurate; 
A——A, caprylate; X——X, butyrate; 0, acetate; r, as deter- 
mined from the slope of the lines, is equal to 1.1 + 0.1. 

Fig. 6. The inhibitor constant, K;, of u-lactic cytochrome ¢ 
reductase-fatty acids as a function of the number of —CH:— 
groups of the fatty acids. The experimental values are taken in 
part from Figs. 4 and 5. 


of interaction of the —CH.— group with the protein is —370 
calories per mole for both enzymes. AF for the carboxylic ion 
is less for L- than for p-lactic cytochrome c reductase, however; 
the value for the former is —880 calories per mole compared 
with —2800 calories per mole for the latter. 

t-Lactic cytochrome c reductase, too, is unaffected by dicar- 
boxylic acids of the type HOOC—(CH,),—COOH. 


Effect of Salts 


p-Lactic Cytochrome c Reductase—In a previous paper (4), 


evidence has been presented to show that salts interact specifi 


cally at the acceptor site of p-lactic cytochrome c reductase. 
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D contribution to the ionic strength of the salt; mono-, di-, and 
trivalent anions have been tested. 
15b ” The inhibition by salts of mono- and divalent cations appears 
Fa F to be of the E—I;-type; this can be determined from the slope 
of the parallel lines in Fig. 7, which is 3.0. The value for r is 
o 
va a, between 2 and 3 for protamine sulfate. 
a | 
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sphate, Fic. 7. Determination of the number of ions combining with 
8; 23°. the acceptor site of p-lactic cytochrome c reductase (Equation 1), 
rylate, and of the inhibiting power of various salts. Salts of monovalent 
3 M. cations were assayed in sodium phosphate, ['/2 0.01, + Versene, 
0.001 m; the rate in this buffer was nearly the same as when no -15 -10 -05 0 
buffer was used. Salts of divalent cations were assayed without y/ 
buffer added. The pH was 6.8 in all experiments; cytochrome c, log “/2 
1X 10-* M; p-lactate, 0.005 M; 23°. ee, NaCl; oO——O, Fig. 9. Determination of the number of ions (r), combining with 
sodium phosphate; O——O, sodium Versenate (trivalent anion); the acceptor site of L-lactic cytochrome c reductase (Equation 1), 
X——X, acetate; A——A, MgSO; A——A, a r, a8 de- and of the inhibiting power of NaCl. Cytochrome c, 1 X 10-5 
termined from the slope of the lines, is 3.0 + 0.1. M; pH 6.8; 23°. No buffer was used. @——®, t-lactate, 0.005 
ce M; the experimental points were obtained with the crude enzyme, 





but nearly the same results were obtained with a purified prepara- 
tion. X—— X, DL-a-hydroxybutyrate, 0.005 m; O——D, bt-e- 
hydroxycaproate, 0.0025 m; ----- , inhibition of p-lactic cyto- 
chrome c reductase by salts of monovalent cations (Fig. 7). 
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ionic strength of the buffer. The polyvalent cation, protamine, " +1 


1 0 
inhibits strongly at a concentration as low as 2.5 X 10-'m. The log C (mg/ m t) 


yer (4), 
specifi- 
juctase. 
and the 


effect of mono- and divalent cations is shown in Fig. 7. Catt, 
Mg**, and Co*+ are more effective inhibitors than the mono- 


} Valent cations Na+, K+, NH,*, arginine+, and Tris*; all the 


monovalent cations tested have the same effect. Glycylglycine 
and histidine, which have small net charges at pH 6.8, have 
negligible effects. The influence of the anion depends upon its 


Fic. 10. Determination of the number of protamine ions (r), 
combining with the acceptor site of L-lactic cytochrome c reduc- 
tase (Equation 1), and of the inhibiting power of protamine sul- 
fate. C denotes milligrams of protamine sulfate per ml of assay so- 
lution. .-Lactate, 0.005 m; cytochrome c, 1 X 10-5 m; pH 6.8; 23°; 
no buffer was used. The initial slope of the first part of the curve 
is 3, and that of the second part is /. 
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Also, crystalline chymotrypsinogen, chymotrypsin, and lyso- 
zyme, which are positively charged at neutral pH, are acceptor- 
competitive inhibitors of p-lactic cytochrome c reductase. Un- 
like the effect of smaller cations, however, the protein-protein 
interaction is of the EJ-type. Serum albumin, which has an 
isoelectric point at pH 5.4, does not inhibit. 

Inasmuch as the apparent Michaelis constant for cytochrome 
c in a salt-free medium cannot be determined from our present 
data, the inhibitor constants for the various electrolytes cannot 
be calculated. Applying the Michaelis constant determined at 
I'/2 0.002 as a first approximation in Equation 2, the following 
K; values are obtained: (a) protamine sulfate, 1 x 10-!° m; (6) 
MgSO,, 1 X 10-® mM; (c) CaCle, 2 x 10-7 m; (d) salts of mono- 
valent cations, 1 x 10-5 m; (e) chymotrypsin and chymotryp- 
sinogen, 1 X 10-5. 

The inhibiting power of NaCl is nearly the same at pH 5.0 as 
at pH 6.8, and the apparent Michaelis constant does not change 
appreciably with the pH. 

The results suggest that cations interact with charged car- 
boxylic groups at the acceptor sites. These may be the groups 
involved in the binding of the positively charged acceptor mole- 
cule, cytochrome c. 

L-Lactic Cytochrome « Reductase—This enzyme, too, is in- 
hibited by salts of protamine, di-, and monovalent cations in 
decreasing order of effectiveness. The acceptor-competitive 
inhibition is illustrated in Fig. 8. The inhibiting power as a 
function of the inhibitor concentration is quite different from 
that obtained for p-lactic cytochrome c reductase. The in- 
hibition of the L-enzyme increases in a stepwise manner, when 
both protamine sulfate and NaCl are used as inhibitors; this is 
shown in Figs. 9 and 10. Crude and purified enzyme, and also 
a preparation 90% inactivated by silver nitrate, are all inhibited 
by NaCl as shown in Fig. 9. 

The results may mean that L-lactic cytochrome c reductase 
has more than one acceptor site for cytochrome c, with differing 
salt sensitivities. This possibility has been indicated also from 
other lines of evidence (12-15). 

L-Lactic cytochrome c reductase, too, is inhibited acceptor- 
competitively by lysozyme, and the interaction is of the EI- 
type; serum albumin has no effect. 


p- and t-Lactic Cytochrome c Reductases of Y east 


SUMMARY 


p- and u-Lactic cytochrome c reductases are inhibited syb. 
strate-competitively by a number of carboxylic acids. The jp. 


hibition appears to be of the El-type, that is, one molecule | 


of inhibitor combines at each substrate site. The free energies 
of interaction of the —CH.— group and of the carboxylic ion of 
fatty acids have been computed. 

p- and L-Lactic cytochrome c reductases are inhibited acceptor. 
competitively by salts. The inhibition of p-lactic cytochrome ¢ 
reductase is of the EJ3-type (combination of three inhibitor 
molecules at each active site), whereas the inhibition of L-lactic 
cytochrome c reductase increases in a stepwise manner with the 
ionic strength of the salt. The inhibition of both enzymes in. 
creases with the valency of the cation. 

p- and L-Lactic cytochrome c reductases are inhibited acceptor- 
competitively by positively charged proteins; this interaction jg 
of the EI-type. 
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Heme proteins that contain more than one functional heme 
group per molecule usually exhibit homogeneity in heme com- 
position. The best known example is hemoglobin, all four pros- 
thetic heme groups of which are identically protoheme. Cata- 
lase affords another example. In mammalian cytochrome 
oxidase, all evidence supports the common character of the pros- 
thetic groups as hemin a. In a number of plant and bacterial 
cytochromes of c-type, multiheme character appears to be ex- 
pressed solely in terms of covalently-bound mesoheme groups. 

Thus, it is extraordinary to find at least two soluble heme pro- 
teins in each of which two tetrapyrrolic chelates of iron of widely 
different character are functional. One of these double-heme 
proteins is a soluble cytochrome oxidase that occurs in the re- 
spiratory chain of the aerobic microorganism Pseudomonas 
aeruginosa (1-4), and is remarkable in that it appears to be the 
only authentic example of a truly soluble cytochrome oxidase as 
yet isolated. Its two heme groups are of heme az and heme c 
type. The other double-heme protein is the variant rhodo- 
spirillum heme protein of purple photosynthetic bacteria (5, 6) 
in which the two covalently bound prosthetic groups are clearly 
differentiated spectrochemically as a hemochromogen and a 
“myoglobin” type. The precise character of these rhodospiril- 
lum heme protein heme groups as they exist in the native protein 
cannot be stated as yet because the only procedures that cleaved 
the bound prosthetic groups are so drastic that structural altera- 
tions occur during their isolation either as hemochromogen 
derivatives (7) or as free porphyrins (8). 

Sufficient quantities of both proteins are available to permit 


_ some preliminary researches on the functional relations that ob- 


| oxidation-reduction potentials independently of each other. 


~_— 


—_ we 


tain between the pairs of hemes in each protein. In particular, 
it seems possible by rather simple procedures to determine 
whether or not two heme groups on one molecule can maintain 
We 
have sought to obtain information by assay of the relative reduc- 
tion levels for each heme at different stages in the stepwise re- 
duction of the protein. As titrating agent, we have used ascor- 
bate, which is reversibly electro-active with both proteins. The 
results obtained indicate definitely that in the Pseudomonas oxi- 
dase, the two heme groups maintain different mid-point poten- 
tials, whereas in rhodospirillum heme protein, the heme groups 


either interact or maintain identical potentials without inter- 
action. 


*Communication No. 117, Publications of the Graduate De- 
partment of Biochemistry, Brandeis University, Waltham, Mas- 
sachusetts. These researches have been supported by grants from 
the National Science Foundation (G-6441) and the National Insti- 
tutes of Health (C-3649(c3)). 

t International Fellow, Rockefeller Foundation, 1960. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


P. cytochrome oxidase’ was prepared from P. aeruginosa ac- 
cording to the method of Horio, Okunuki et al. (4). The purity 
of the sample used was approximately 75% based on ultracen- 
trifugal and electrophoretic assay. The sample was not con- 
taminated with any of the other electron-transferring compo- 
nents comprising the oxidase system, t.e. P. cytochrome c-551, 
P. cytochrome-554, and P. blue protein. However, the sample 
could have contained a small amount of heme a: or its decompo- 
sition products, together with heme a»-free protein residue carry- 
ing heme c, because the oxidase was very labile and liberated 
its heme az moiety readily. 

Crystalline RHP was prepared from light-grown cells of Rhodo- 
spirillum rubrum according to the method of Horio and Kamen 
(6). The sample was better than 95% pure, as noted by ultra- 
centrifugal and electrophoretic analysis. RHP appeared to be 
fairly labile, and it seemed most likely that any contaminating 
substance present arose from a modified form of RHP itself. 

P. cytochrome oxidase and RHP were dialyzed overnight 
against a 10-* M aqueous solution of sodium chloride at 3-5°. 
A Thunberg-type cuvette (1-cm optical path), fitted with a 
rubber stopper, received the following components: for P. cyto- 
chrome oxidase, an appropriate amount of the dialyzed oxidase 
solution, sodium phosphate buffer (0.05 m, pH 6.0), and water 
to make a total volume of 4.0 ml; for RHP, an appropriate 
amount of the dialyzed RHP solution, Tris-HCl] buffer (0.10 m, 
pH 8.0) and water to make a total volume of 4.0 ml. To effect 
anaerobic conditions, the cuvette was evacuated to approxi- 
mately 30 mm Hg, and refilled with helium gas to a pressure a 
little less than atmospheric. This gas change procedure was re- 
peated five times. Through the rubber stopper, an appropriate 
amount of sodium ascorbate (Nutritional Biochemical .Corpora- 
tion, Ohio), adjusted to the same pH as that of the buffer was 
introduced as titrating agent by means of a Gilmont micropipet 
of 1 ml capacity (The Monostat Corporation, New York). All 
operations were carried out at room temperature (23-24°). A 
Cary type 14 recording spectrophotometer, supplied with a 0.0 
to 1.0 and 1.0 to 2.0 absorbancy scale, was used to monitor spectra. 
After each addition of titrating agent, spectrophotometric scan- 
ning was duplicated at approximately ten-minute intervals to 
assure that the reaction with ascorbate had reached equilibrium. 
Each such duplicate observation checked the initial observation 
within experimental error. 


1 The abbreviations used are: P., Pseudomonas aeruginosa; R., 
Rhodospirillum rubrum; RHP, rhodospirillum heme protein. 
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RESULTS 


P. Cytochrome Oxidase 


A number of absorption spectra of P. cytochrome oxidase 
reduced at various concentrations of ascorbate were selected to 
visualize clearly the differences in degree of reduction obtained 
at different absorption peaks characteristic of either the heme 
a2 moiety or the heme c moiety (Fig. 1). All values for a typical 
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Fig. 1. Stepwise reduction of P. cytochrome oxidase by ascor- 
bate. The cuvette contained approximately 0.2 umole of P. cyto- 
chrome oxidase. The numbers shown correspond to the experi- 
ment numbers in Column 1 of Table I. Ordinates on left scale, 
dX < 470 my; ordinates on right scale, \ > 470 mu. 
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experiment are shown in Table I. An isosbestic point was found 

at 572 my. Calculations for percentage of reduction (AA) based 

on measurements of absorbancy (A) at four different waye 

lengths, were made as follows. We denoted the absorbaney 

differences for completely oxidized and completely reduced heme | 
moieties at a given wave length, z, by (A.°* — Asze) and (A,r _ 

Asz2), respectively. The absorbancy value (A,'*4) was deter. 

mined by observation of the absorbancy after addition of dithi- 

onite to effect 100% reduction. The absorbancy difference 

between completely reduced and completely oxidized forms wag 

then [(A.t*4¢ — Agze) — (Az°* — Asz2)]. For a given level of 

reduction at a corresponding concentration of titrating agent, 

the absorbancy difference was (A.*4 — Asz2) — (Az — Ag) 
Accordingly, the percentage of reduction (AA) was 


(A,re4 — Asn) =— (A, —_ Asn) 
(A,re4 — Asp) — (Ar°* — Asn) | 





AA, = 100 — 100 | 


The wave lengths chosen (values for x) were 625, 554, 549, and 
441 my, respectively. 

This type of experiment was repeated three times with excel- 
lent reproducibility except for a small but definite deviation in 
the concentration of the ascorbic acid required to initiate reduc- 
tion. This effect arose from the presence of traces of oxygen 
remaining in the cuvette despite the evacuation procedure; it 
was enhanced by the apparent strong affinity of the enzyme for 
oxygen (1, 2). 

The percentage of reduction (AA.) at the different wave 
lengths and concentrations of the ascorbate added, was plotted 
(Fig. 2). Nearly identical curves resulted at 549 my and at 
554 mu. 

This result could have two possible explanations: (a) the 
double-headed peaks at 554 my and 549 mu were caused by two } 
different kinds of heme moieties with oxidation potentials similar 
enough to be indistinguishable by this method; (6) the double- 
headed peaks were caused by a single heme moiety. Previous 






































TABLE I 
Stepwise reduction of P. cytochrome oxidase by ascorbic acid 
Absorbancy Reduction 
No. Ascorbate added Rad | | | | 
Aes mu Ast mp Assi mp Aso mp Awi mu DAes* mu | AAsa* my AAsio my | SAui* ms 
umoles ml | % % } % % 
1 0 4.000 | 0.518 | 0.420 | 0.427 | 0.429 | 1.258 | ©) | ©) | = @) (0) 
2 1.7 X 10°? 4.010 0.518 0.420 0.429 0.431 1.257 | 0 . 4 2 0 } 
3 3.3 X 10°? 4.020 0.515 0.420 0.430 0.433 1.255 | -—2 | 3 4 bs I 
4 5.0 X 10°? 4.030 0.515 0.418 0.428 0.433 | 1.265 | 0 | 3 | 6 4 
5 6.6 X 10-2 4.040 0.523 0.423 0.439 0.442 | 1.265 | S.-i 9 | 10 3 
6 8.3 X 10°? 4.050 0.518 0.422 0.453 0.453 1.298 —1 24 | 22 ll 
7 9.9 X 10°? 4.060 0.530 0.427 0.469 0.473 | 1.307 5 35 37 12 
8 1.2 X 10° 4.070 0.528 0.421 | 0.499 0.502 | 1.347 | 1l 70 72 23 
9 1.3 X 107 4.080 | 0.538 | 0.420 | 0.510 | 0.516 | 1.368 ie 89 30 
10 1.5 X 10° | 4.090 0.545 0.422 | 0.518 0.521 | 1.389 22 91 93 35 
ll 1.7 X 10° | 4.100 0.548 0.422 0.528 0.531 1.417 27 102 104 4 
12 1.8 X 10° 4.110 0.556 0.423 | 0.531 0.537 1.431 | 33 105 109 47 
13 2.0 X 107! 4.120 0.557 0.420 | 0.532 0.536 | 1.438 | 36 108 | lll 50 
14 2.5 X 107 4.130 | 0.592 | 0.425 | 0.532 | 0.535 | 1.589 | 64 103 105 85 
15 3.0 X 10°! 4.140 0.615 0.420 | 0.525 0.528 | 1.619 | 88 102 104 96 
16 3.5 X 10°! 4.150 0.633 0.425 | 0.526 0.527 | 1.6387 | 100 98 98 99 
17 4.0 X 1071 4.160 | 0.632 | 0.420 | 0.523 | 0.525 | 1.640 | 102 100 | 101 101} 
18 Dithionite 4.170 | 0.634 | 0.425 | 0.528 | 0.529 | 1.640 | (100) | (100) | 00) 00) | 








* Absorbancy differences referred to absorbancy at A = 572 my (corrected for dilution, see text). 
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data from heme iron analysis of the oxidase (5) were consistent 
only with the second possibility. 

The heme c moiety (ascribed to AA 549 mu and AA554 my) Showed 
a uniformly greater level of reduction than that of the heme az 
moiety (ascribed to AA625 mu). 

The absorption spectrum of the reduced form of P. cytochrome 
oxidase was known to be significantly altered at 625 my and 
450 to 470 my, but not significantly at 550 to 570 my and 420 
my, When carbon monoxide was present, indicating that carbon 
monoxide was bound on the heme a2 moiety but not on the heme 
emoiety (3). It seemed likely by analogy with the behavior of 
other heme proteins, that oxygen would be bound to the reduced 
form of the heme az moiety. Hence, it was of interest that when 
85% of the heme c moiety was reduced, only 25% of the heme 
a,moiety was reduced and so capable of binding oxygen. 

The differences in oxidation-reduction potential at half-reduc- 
tion (Z,) for the two heme components, at room temperature, 
were calculated from the following standard equation: 


(Heme az"e4)(Heme c°*) 


m/a2 —~ Em es 1 
(Ema: — (Em)e = 0.06 log (Heme a2°*)(Heme cre4) 





in which (Heme a2°*), (Heme az'e4), (Heme c°*), and (Heme cre) 
were the relative amounts of oxidized and reduced forms of the 
two heme moieties calculated directly from data of Table I and 
Fig. 2. 

‘The values obtained in experiments at the intermediate stages 
in titration (Nos. 7, 8, and 9 in Table II) were essentially con- 
stant. The average of these values (—0.073 v) was taken as the 
difference in the half-reduction potentials (Z,,) of both heme 
moieties. 

The results shown in the curve drawn with AAgun, (Fig. 2) 
most probably arose from contributions by both heme moieties. 


RHP 


When this protein was reduced in steps with ascorbate, all of 
the absorption spectra obtained showed unaltered isosbestic 
points at 671, 602, 525, 453, 408, and 345 my (Fig. 3). Wave 
lengths corresponding to characteristic absorption of each of the 


' two heme components, as well as some representing combined 


absorptions, were selected for assay of relative reduction levels. 
However, the differential spectrum assay showed no differences 
in degree of reduction at any of the wave lengths selected. Thus, 
separate mid-point potentials associated with each of the two 
hemes did not appear to exist. 

In an effort to effect differentiation, we attempted the same 
procedure with 100% carbon monoxide present as gas phase. 
We were hopeful that carbon monoxide would combine prefer- 
entially with one of the two components, presumably the ‘“‘myo- 
globin” moiety. We had noted that when RHP was reduced 
and combined with carbon monoxide, it exhibited a new Soret 
absorption peak in its difference spectrum relative to the un- 
combined oxidized form, and a residual peak at ~430 my which 
we ascribed to residual reduced protein still uncombined with 
carbon monoxide. Hence, we examined the difference spectra 
at 415 mu and 430 my to ascertain whether a difference in per- 
cent reduction existed during stepwise titration. The results 
showed unequivocally that the two wave lengths yielded a con- 
stant difference in E,, (Fig. 4 and Table II). The EZ, of the 
component(s) absorbing at 415 my was some 30 to 40 mv more 
negative than that of the component(s) absorbing at 430 my. 

Similarly, when we examined the absorption bands lying be- 
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STEPWISE REDUCTION OF PSEUDOMONAS 
CYTOCHROME OXIDASE BY ASCORBIC ACID 
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Fig. 2. Titration curves of P. cytochrome oxidase. The ex- 
perimental conditions were the same as for Table I and Fig. 1. 
Ordinate, percentage of reduction relative to reduction with di- 
thionite taken as 100%. 


TABLE II 


Calculation of difference in mid-point (En) potentials of heme a:- 
and c-type-like heme moieties of P. cytochrome oxidase 

















Reduction and Oxidationt 
E + tal (E m ) a. _ 
ae (Heme (Heme (Heme (Heme (Em)e! 54 
o,*°4) a,°*) ct) 354 
% % % % V 

6 5 95 32 68 —0.057 

7 11 89 65 35 —0.071 

8 17 83 77 23 —0.073 

9 22 78 84 16 —0.076 

10 26 74 94 6 —0.099 














* Refer to Table I. 
{ These values were recalculated from the values of Table I, 
setting maximal reduction equal to 100. 


tween 470 mu and 587 my, we found that the percentage of re- 
duction was higher on the red side of the peak at 572 my and 
lower on the blue side of the same peak. 

We noted isosbestic points for the carbon monoxide-reduced 
protein :oxidized protein difference spectrum at ~700, 587, 452, 
405, and 345 mu. As expected, these points were .markedly 
different from those we had determined previously for the differ- 
ence spectra of the uncombined reduced and oxidized forms. 
However, some of the isosbestic points were displaced above the 
base line determined with the uncombined oxidized form, so that 
it was evident that the properties of the heme groups were al- 
tered by carbon monoxide binding to the protein. The relation 
of intensities of the 415 my and 430 my peaks did not correspond 
to unique binding of carbon monoxide by only one of the two 
heme components, but rather to binding by both heme groups. 
The persistence of a shoulder at ~430 my indicated that com- 
bination with carbon monoxide was incomplete. 

Nevertheless, a constant AEZ,, of 40 mv was noted (Table III) 
based on the differential reduction levels calculated from the 
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Fic. 3. A. Absolute absorption spectra for stepwise reduction 
of RHP by ascorbate. The cuvettes contained approximately 
0.14 um RHP for spectra in the 400- to 700-my range and 0.017 um 
RHP for spectra in the 340- to 450-my range. The test cuvette 
was made anaerobic. The integrated volume of ascorbate used 
did not exceed 2% of the total volume of the test system. Only a 
few curves illustrative of this series of experiments are shown. 

B. Differential absorption spectra for stepwise reduction of 
RHP by ascorbate. The cuvettes contained approximately 0.084 
uM RHP for spectra in range 450 to 700 my and 0.011 um RHP for 
spectra in the 340- to 450-my range. Only the test cuvette was 
anaerobic. The control cuvette contained oxidized RHP. Oth- 
erwise, same remarks apply as in Fig. 3A. 


optical absorption values at 415 my and 430 my; the components 
responsible for the 415-my absorption showed the more negative 
E.. 


DISCUSSLON 


The results obtained with P. cytochrome oxidase are suffi- 
ciently clear-cut to permit the conclusion that the two heme 
moieties present are bound to the protein in such a manner that 
they can maintain independent oxidation potentials. If there 
is interaction, it is not sufficient to abolish the difference in these 
potentials. The existence of interaction between the hemes is 
possible, but our studies do not permit a definite statement as 
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we have not determined potentiometrically the exact numbe 
of oxidation equivalents consumed per mole of reactive heme, 

It is evident that the heme c moiety can be placed nearer tg 
oxygen than the heme a, moiety in the respiratory pathway of 
P. aeruginosa. We expected a reverse order by analogy with | 
the mammalian oxidase system, in which cytochrome c is at q 
more negative potential than cytochrome a. 

The results we have presented for RHP are ambiguous in that 
they show both heme prosthetic groups to have normal mid. 
point potentials that are essentially identical (AE < 5 to 10 
mv). This is true despite the gross disparity in structural char. 
acter of the two groups. A definitive assignment to each heme 
of the absorption band systems present most be somewhat arbi- 
trary. However, it is not difficult to show that one of the eo. 
valently bound hemes when in the reduced state at neutral pH 
can be assigned absorption maxima at ~423, 525 to 535, and 
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Fic. 4. Stepwise reduction of RHP by ascorbate in the pres- 
ence of carbon monoxide. The experimental conditions were the 
same as for Fig. 3B, except that the test cuvette was filled with | 
carbon monoxide after evacuation and contained approximately } 
0.1 umole of RHP for assay from 700 my to 450 my, and approxi- 
mately 0.01 umole of RHP for assay from 450 my to 330 my. Again, | 
only a few illustrative curves are shown. 


TABLE III 


Calculation of difference in mid-point potentials of two hemes of | 
RHP of Rhodospirillum rubrum in presence of carbon monozide } 




















Reduction and oxidation 
Experi- 
meatal At 415 mp At 430 my (Em)418 mp — (Em)40 mp 
| (Red) (Ox) (Red) | (Ox) 
% % % | % Vv } 
1 8.4 91.6 | 32.1 | 67.9 | —0.043 
2 13.6 | 86.4 | 38.5 | 61.5 | —0.036 
3 22.1 | 77.9 | 57.8 | 42.2 | —0.041 
4 33.8 | 66.2 | 73.4 | 26.6 | —0.044 
5 | 54.2 | 45.8 | 85.3 | 14.7 | —0.042 
6 | 68.1 | 31.9 | 89.9 | 10.1 | —0.037 
7 83.3 | 16.7 | 94.5 | 5.5 | —0.032 } 


| | — 


| | —0.039 (average) | 
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~555 to 560 mu. Thus, this group resembles a hemochromogen 
related to heme c. The other covalently bound heme has ab- 
grption maxima at 432 to 436 my and 540 to 550 my, so that 
it resembles a compound analogous to the prosthetic groups of 
proteins such as myoglobin and peroxidase. 

It would be expected that the “myoglobin” moiety, but not 
the hemochromogen moiety, would bind carbon monoxide. 
However, both seem to do so, as indicated by the height of the 
carbon monoxide-RHP (reduced) Soret band relative to those 
of the Soret bands of the individual heme moieties. In the 
spectra obtained by stepwise reduction with CO present, the 
shifts in isosbestic points, together with the persistence of the 
band maximum at ~430 my and the rise in base line for some 
isosbestic points indicate clearly that the formation of the carbon 
monoxide adduct(s) is accompanied by changes in heme, protein 
structure, or both, so that no simple interpretation of the ob- 
served constant value for AE, can be made. A tentative con- 
clusion is that after combination with carbon monoxide, both 
hemes take up identical mid-point potentials, relative to the un- 
reacted heme group responsible for the shoulder at ~430 mu. 

If we assume that the identity in E,, for both heme groups 
results from strong interaction, we would expect anomalous 
values for n, the number of oxidation equivalents per mole of 
heme in RHP (7, 8). Ovxidation-reduction titration data from 
previous researches (9, 10) show that n is close to the value 
(1.00) expected on the basis of no interaction. 

However, the data do not exclude n values of 1.1 or even 1.2. 
Precise potentiometric titrations which require greater quantities 
of pure RHP than are available at present, will be needed to 
establish whether n departs appreciably from 1.00. 

We may conclude that heme-heme interaction, if present in 
RHP, is not of the magnitude encountered in the case of hemo- 
globin (7), as determined electrochemically. Whether it is of 
magnitude sufficient to bring both hemes to the same potential 
must remain undecided. 

The conditions revealed by these, and other studies cited, 
as existing in P. oxidase, namely, true solubility and easy differ- 
entiation of the two prosthetic heme moieties because of pro- 
nounced chemical differences, as well as relative independence of 
oxidation potentials, are most favorable for tests designed to 
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reveal mechanisms underlying participation of heme groups in 
oxidase systems. Before further studies are attempted, it will 
be necessary to obtain this protein in much larger quantities 
and with higher degree of purity than available at present. 


SUMMARY 


1. The soluble cytochrome oxidase of Pseudomonas aeruginosa, 
which contains two prosthetic heme groups, one of the heme 
a2 type and one of the heme c type, can be titrated stepwise 
electrochemically with ascorbate. By spectrophotometric as- 
say, the relative degrees of reduction for each heme group can 
be compared at different stages of titration. It is shown that a 
constant difference in half-reduction potential (Z,,) of 70 mev 
is consistent with the titration results. The heme a2 moiety is 
the more negative. 

2. Similar studies with the heme protein variant of Rhodo- 
spirillum rubrum, which contains two spectrochemically differ- 
entiable heme groups, reveal no steady-state or equilibrium 
differences in mid-point potential for the two heme groups 
(AE,, 0 to 10 mev). 


REFERENCES 


. Horio, T., J. Biochem., 45, 195, 267 (1958). 

2. Horio, T., Hicasui, T., MatsuBara, H., Kusar, K., Naxkatr, 
M., AND OKuNUKI, K., Biochim. et Biophys. Acta, 29, 297 
(1958). 

3. Horio, T., Sexuzu, I., Higasu1, T., anp OxunukKI, K., in 
J. Fatx, R. LeMBeRG, AnD R. K. Morton (Editors), Pro- 
ceedings of Haematin Enzyme Symposium, Canberra, Aus- 
tralia, Pergamon Press, 1961, p. 99. 

4. Horio, T., Higasut, T., YaMANAKA, T., MatsuBaRA, H., AND 
Oxunuk1, K., J. Biol. Chem., 236, 944 (1961). 

5. Bartscu, R. G., anpD Kamen, M. D., J. Biol. Chem., 230, 41 
(1958) ; 285, 825 (1960). 

6. Horio, T., anp Kamen, M. D., Biochim. et Biophys. Acta, 48, 
266 (1961). 

7. Wyman, J., JR., in M. L. ANson ann J. T. Epsauu (Editors), 

Advances in Protein Chemistry, Vol. 4, Academic Press, Inc., 

New York, 1948, p. 509. 


_ 


8. CoryYELL, C. D., J. Phys. Chem., 48, 841 (1939). 
9. HaveMaAnn, R., Biochem. Z., 314, 118 (1943). 
10. Taytor, J. F., anp Hastinos, A. B., J. Biol. Chem., 131, 649 


(1939). 








Tue JourRNAL or BrotoaicaL CHEMISTRY 
Vol. 236, No. 10, October 1961 
Printed in U.S.A. 


_ Octobe: 


Studies of the Electron Transport System 
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Cytochrome 6 was first discovered by Keilin in 1925 (1). He 
identified the cytochrome b component of beef heart muscle 
particles by its absorption spectrum, which showed maxima at 
566 my and 520 my, and suggested that the hemoprotein formed 
part of the terminal respiratory system of mammalian tissues. 
Numerous reports (2-8) of the isolation of cytochrome 6 in 
various stages of purity have appeared in the literature since 
that time. The first purified preparation was obtained by Hiib- 
scher et al. (4). This preparation was probably contaminated 
with some cytochrome ¢;, succinic dehydrogenase flavoprotein, 
and other, unidentified protein. The cytochrome 6 isolated by 
Sekuzu and Okunuki in 1956 (6), obtained through the use of 
proteolytic and lipolytic enzymes, was shown to be free from 
contamination by other hemoproteins and to be devoid of ex- 
traneous enzymatic activities. However, the incomplete phys- 
ical data presented by these investigators render rigid assessment 
of purity a difficult matter. The cytochrome 6 recently isolated 
and purified by Feldman and Wainio (7) was apparently free 
from associated enzymatic activities and from contamination-by 
other hemoproteins. However, the molecular weight estimated 
by these authors for their preparation indicates that the cyto- 
chrome 6 was contaminated by extraneous protein. 

In the present communication, an account is given of a pro- 
cedure for the isolation and purification of cytochrome } from 
beef heart mitochondria. A brief report of a part of this work 
appeared earlier (8). The preparation of cytochrome b de- 
scribed herein seems by spectral, ultracentrifugal, and chemical 
standards to be the purest yet reported. 


EXPERIMENTAL PROCEDURE 


Preparation of Mitochondria 


Beef heart mitochondria were prepared by a modification of 
the method of Crane et al. (9). Ground beef heart supernatant 
was diluted in 0.9% KCl instead of 0.25 m sucrose. The mito- 
chondrial paste from the Sharples centrifuge was suspended in a 
sufficient amount of 0.9% KCl to bring the final protein concen- 
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+ Present address, Laboratory of Cellular Physiology and Me- 
tabolism, National Heart Institute, National Institutes of Health, 
Bethesda, Maryland. 
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tration to 30 mg per ml. The mitochondria were frozen and 
stored at —20° for as long as 6 months before use. 


Analytical Methods 


Protein was determined by the biuret procedure (10) and by 
dry weight. Lipid content was calculated from total phosphorus 
analysis, performed by the method of Fiske and SubbaRow (11); 
phosphorus content (in micrograms per mg) was converted to 
lipid content (in % by weight) by multiplying by 25.0. Iron 
content was determined by the method of Smith et al. (12). For 
estimation of the heme content of purified cytochrome b, direct 
spectra were recorded with a Beckman model DK-2 spectropho- 
tometer. The positions of the absorption bands of cytochrome 
b were measured with a Cary model 14 recording spectro- 
photometer. The extinction coefficient used for reduced cyto- 
chrome b (562.5 to 600 mu) was 20.7 X mm~!cm-!. The method 
of Basford et al. (13) was used for determination of the quantities 
of cytochromes a, b, c:, and ¢ in preparations containing hemo- 
proteins of more than one type. Quartz cuvettes with a 10-mm 
light path were used for all spectrophotometric measurements. 
Removal of the heme from the protein moiety of cytochrome } 
was achieved by the acid-acetone method previously reported 
(13). Diaphorase activity was assayed by methods previously 
described, ferricyanide (14) and methylene blue (15) being the | 
final electron acceptors. Flavin was estimated chemically by 
the method previously reported (16). 


Materials 


Commercial grade deoxycholic acid was crystallized from a 
50% ethanol-water solution. The crystalline acid was washed | 
with 50% ethanol-water solution at 0°, dried thoroughly, and 
brought into aqueous solution with an equivalent weight of KOH. 
The potassium deoxycholate was routinely used as a 10% (weight | 
per volume) solution. 

Sodium dodecyl sulfate was Duponol C purchased from E. I. 
DuPont de Nemours, and was used as a 10% (weight per volume) 
aqueous solution. 

Commercial grade cholic acid was treated in the same manner 
as described above for deoxycholic acid. The volume of the 
final solution, however, was adjusted to achieve a 20% (weight 
per volume) solution of the bile salt. 


~ 


Isolation and Purification of Cytochrome b 


General—A flow sheet of the procedure for the isolation and ) 
purification of cytochrome b from beef heart mitochondria 1s 
presented in Fig. 1. All steps in the procedure were performed | 
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I. Beef heart mitochondria 


Potassium deoxycholate (0.45 mg per mg of protein) 


| 


Residue Supernatant 





Potassium cholate (1.0 mg per mg of protein) 
Sodium dodecyl] sulfate (2% final concentration) 
Ammonium sulfate (to 30% of saturation) 


| 


Residue Supernatant 





ioe sulfate (to 50% of saturation) 


| 





n and 























Residue Supernatant 
Dissolve in 0.1 m PO, (pH 7.4) 
Heat at 40° for 5 minutes 
nd by | 
ae Residue Supernatant 
v (11); 
ted to | Ammonium sulfate (10.6 g/100 ml) 
Iron | Heat at 35° for 5 minutes 
For Sara 
direct é . 
ropho- Residue Supernatant 
hrome II. (b-c; complex) 
dectro- Potassium cholate (3 mg per 
| cyto- mg of protein) 
nethod Saturated ammonium sulfate 
tities (15 ml/100 ml) 
iid: Heat to 40° 
Stand at 23° for 5 minutes 
10-mm | 
ments. | | 
rome b Residue Supernatant 
ported III. (Crude cytochrome b) 
viously 
ing the Suspend in 0.25 m sucrose (pH 7.5) ' 
ally by } Sodium dodecyl sulfate (0.8% final concentration) 
y% Saturated ammonium sulfate (9 m1/100 ml) 
| | | 
Residue Supernatant 
= Suspend in 0.25 m sucrose (pH 7.5) 
waaned | Sodium dodecyl sulfate (0.8% final concentration) 
ly, and | Freeze and thaw 
f KOH. | 
(weight | | 
Residue Supernatant 
. 1. 
mE Saturated ammonium sulfate (9 m1/100 ml) 
volume) 
| 
manne! Residue Supernatant 
of the 
(weight Suspend in 0.25 m sucrose (pH 7.5) 
Sodium dodecyl sulfate (0.8% final concentration) 
Saturated ammonium sulfate (9 ml1/100 ml) 
jon and ) Residue Supernatant 
ndria 1s IV. (Purified cytochrome b) 
rformed | 


Fig. 1. Flow sheet of process for isolation and purification of cytochrome b from beef heart mitochondria 
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TABLE I 


Purification and yield of cytochrome b achieved at various 
stages in isolation procedure 





Cytochrome b 





(Refer te Fig. 1) content Yield 

pmoles/g protein % 

I. Beef heart mitochondria.......... 0.6 100 
Ee Cee ONE 5 oo ee cesccstiennes 4.0 | 58 
III. Crude cytochrome b............... 12.2 40 
IV. Purified cytochrome b............. 36.1 | 30 





TaBLeE II 
Physical properties of cytochrome b 





Properties Cytochrome 6 preparation 





35.3 watoms/g 
36.1 umoles/g 
<0.3 mumole/g 


I rn ns yn aera ce asa ee 
I oie AS ott, oes wtmate wig 
Total Gavin Content... .........s.. 2c cee 


Diaphorase activity............-........ Undetectable 
ee CEE Ce ere <1% 
Minimal molecular weight (calculated 
on the basis of iron content) »......... 28 ,000 
Abeorption bands............<s.60ssee006| 
Reduced 
a6 00S ERA OR TE SO OER S B06 S8 Het iiss 562.5 My 
* hE patie: RUB ahh AE AGRE Rye aE el en eae 532.5 my 
SR oer ee aes aie wa. oe aa eaten 429.0 mu 
ESA a rie eee ComrenGaae Rent nt mee ep 475-485 mu 
AE en ee ee ee 538.0 mu 
418.0 mu 
GeNNe INIIIN Es 6b bases eons | 572 my 
550 mu 
540 my os 
521 mp © 
Spectral shift with carbon monoxide..... Soret: 429 — 426 





at 0-5° unless otherwise specified, and all centrifugations were 
made in a Spinco model L ultracentrifuge at 30,000 r.p.m. The 
time required for the rotor to reach the desired speed is included 
in the times of centrifugation stated below. 

Removal of Cytochrome a—Mitochondria were thawed and 
homogenized in a Waring Blendor at low speed.1 Potassium 
deoxycholate was added in the amount of 0.45 mg of the bile 
salt per mg of protein. The suspension was centrifuged for 1 
hour. The green-brown sediment, containing practically all of 
the cytochrome a, was discarded. The supernatant contained 
most of the red cytochromes and an amount of cytochrome a 
that was barely visible on spectroscopic examination. 

Removal of Cytochrome c—To the supernatant were added, in 
the order stated, potassium cholate at a level of 1.0 mg per mg 
of protein; sodium dodecyl] sulfate to a final concentration of 2% 
(weight per volume); and solid ammonium sulfate to 30% of 
saturation. The suspension was centrifuged, and the sediment, 
containing no spectrally detectable hemoprotein, was discarded. 
Solid ammonium sulfate was added to the supernatant to achieve 
50% of saturation, and the suspension was centrifuged. The 
resulting supernatant, which contained most of the cytochrome 
c, was discarded. 


1 A rheostat was used to control the speed of the blades and to 
insure that frothing was minimal. 
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Removal of Extraneous Protein—The red-brown sediment was 
dissolved in 0.1 m PO, buffer, pH 7.4, and the solution was diluted 
to a final protein concentration of 15 mg per ml. The solution 
was heated for 5 minutes at 40°. The precipitate that formed 
during the heating was removed by centrifugation and discarded, 
To the supernatant, ammonium sulfate (10.6 g/100 ml) was 
added, and the slightly turbid suspension was then heated for 5 
minutes at 35°. The copious precipitate that formed during the 
heating was removed by centrifugation and discarded. 

Purification of Cytochrome b—To the deep red supernatant 
from the 35° heating procedure were added potassium cholate, 
at a concentration of 3.0 mg per mg of protein, and a sufficient 
amount of saturated ammonium sulfate solution to make the 
solution just barely turbid; this was approximately 15 ml/100 
ml. The suspension was heated to 40° and allowed to stand at 
room temperature for 5 minutes. The copious flocculent pre. 
cipitate of partially purified cytochrome 6 that formed during 
this process was recovered as a blood-red pellet by centrifugg- 
tion. The supernatant was set aside to be used as the starting 
material for the isolation of the purified preparation of cyto- 
chrome ¢, previously reported (17). The pellet was homoge. 
nized in 0.25 m sucrose, pH 7.5, and diluted to a protein concen- 
tration of 10.0 mg per ml. The suspension contained 40% of 
the cytochrome b present in the starting material and was free 
from contamination by any other hemoprotein. The heme to 
protein ratio of this material was 12.2 umoles per g of protein. 

Further purification was achieved by the following procedure. 
The suspension was clarified by the addition of sodium dodecyl 
sulfate at a final detergent concentration of 0.3% (weight per 
volume). Ammonium sulfate (2.6 2/100 ml) was added and 
the suspension was centrifuged. The orange supernatant was 
discarded and the residue was homogenized in a sufficient 
quantity of 0.25 m sucrose, pH 7.5, to bring the protein concen- } 
tration to 10.0 mg per ml. The suspension was again clarified 
by the addition of sodium dodecyl sulfate at a final detergent 
concentration of 0.3% (weight per volume). The deep red solu- 
tion was frozen and stored at —20° for 8 hours. Upon thawing, 
this material displayed a slight turbidity. The precipitate was | 
removed by centrifugation and discarded. To the clear superna- | 
tant was added ammonium sulfate (2.6 g/100 ml), and the sus- 
pension was centrifuged. The faintly orange supernatant was | 
discarded, and the residue was homogenized in 0.25 M sucrose, 
pH 7.5. The sodium dodecy! sulfate-ammonium sulfate frae- 
tionation was applied once more, as above, and the bright red 
residue, obtained after the supernatant (which was this time | 
colorless) was decanted, was finally homogenized in 0.1 m PO, } 
buffer, pH 7.4. 

The purity and yield of the cytochrome 6 at various stages in | 
the isolation procedure are given in Table I. 
RESULTS 
Purity and Chemical Analyses—Analytical data concerning the 
purity and chemical properties of cytochrome 6 are given in 
Table II. The iron content of the purified preparation of the | 
hemoprotein was 35.3 watoms per g of protein. The heme con- 
tent, calculated on the basis of the extinction coefficient of 20.7 | 
mm~! em- for 562.5 to 600 mu (reduced) was 36.1 umoles per g | 
of protein. The flavin content, determined chemically, was less | 
than 0.3 mumole per g. No diaphorase activity could be de- } 
tected in the cytochrome 6 preparation. Analysis of the cyto- | 
chrome b for phosphorus content gave a value of less than 0.04 | 
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ug per mg of protein or, by calculation, less than 1% lipid by 
weight. The molecular weight, calculated on the basis of the 
jon or heme content, was approximately 28,000. No cyto- 
chrome @, ¢, Or ¢, was detectable either by direct spectroscopic 
examination or upon application of the differential heme method 
of Basford et al. (14). 

Stability of Cytochrome b—Purified cytochrome 6 could be 
repeatedly frozen and thawed over a period of at least 8 months 
without change in its spectral characteristics or in its reponse to 
treatment with various detergents. The hemoprotein was re- 
markably stable to heat; it withstood 10 minutes of exposure to 
temperatures as high as 70° before denaturation occurred.’ 
Dialysis against distilled water or unbuffered salt solutions at 3° 
lowered the heme to protein ratio. The reduced form of the 
purified hemoprotein was rapidly autoxidizable. 


Spectroscopic Data 


Direct absorption spectra of cytochrome b are presented in 
Fig. 2. The maxima of the oxidized form of the hemoprotein 
were at 5388 mu and 418 mu. The maxima of the dithionite- 
reduced hemoprotein were at 562.5, 532.5, and 429 my for the 
a-, 8-, and Soret-bands, respectively. An additional small broad 
band was present at 475 to 485 mu. Isosbestic points, deter- 
mined at several levels of reduction of the hemoprotein, were 
found at 572, 550, 540, and 521 mu. The extinction coefficient 
for 562.5 to 600 my (reduced) (20.7 mm-! em-) was calculated from 
the value obtained by Paul et al. (18) for pyridine ferroprotopor- 
phyrin. From this figure, other extinction coefficients for cyto- 
chrome b were calculated on the basis of the spectral properties 
of the purified hemoprotein. They are presented in Table III. 
Treatment of the reduced form of cytochrome 6 with carbon 
monoxide effected a shift in the Soret band from 429 to 426 mu. 
After heat denaturation of the hemoprotein, however, the Soret 
band shifted from 429 to 418 my upon treatment with carbon 
monoxide. These observations indicate that while the bulk of 
the purified cytochrome 6 was in the native state, a small portion 
of it may have been denatured. 


“Polymerization” and Monomerization 


When a suspension of purified cytochrome 6b was treated with 
sodium dodecyl sulfate (at a final detergent concentration of 
0.001 m), an optically clear solution was obtained. Examination 
of such a preparation in the analytical ultracentrifuge, however, 
revealed the presence of a mixture of huge aggregates of cyto- 
chrome 6 that sedimented at speeds indicating ‘molecular’ 
weights greater than 4,000,000. Clarification of suspensions of 
cytochrome b by treatment with other nonionic or anionic deter- 
gents, over a wide range of pH, gave similar results. It was 
only upon treatment with a cationic detergent such as cetyldi- 
methylethylammonium bromide,® that a true monomolecular dis- 


* Denaturation was judged by a change in the spectral response 
of the reduced form of the hemoprotein to treatment with carbon 
monoxide (cf. “‘Spectroscopic Data’’). 

‘Experiments with the analytical ultracentrifuge were per- 
formed by Dr. Robert Bock, Mr. Richard Criddle, and Dr. Fay 
Yin of the Agricultural Biochemistry Department, University of 
Wisconsin, Madison, Wisconsin. 

th Other anionic and nonionic detergents tested were Triton 
X-100, potassium cholate, potassium deoxycholate, Tween 80, 
Aerosol, and Zaccanal. 

‘Similar results were achieved by the use of the cationic deter- 

gent cetyltrimethylammonium bromide. 
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Fic. 2. Direct absorption spectra of purified cytochrome b re- 

corded with a Beckman model DK-2 spectrophotometer. The 

hemoprotein was dispersed with 0.001 m sodium dodecy] sulfate in 

0.01 m PO, buffer, pH 7.4, at final concentrations of 0.20 mg of pro- 


tein per ml (complete spectrum) and 0.88 mg of protein per ml (in- 
sert). 


TaBLe III 
Extinction coefficients of cytochrome b 





Spectral band(s) Extinction coefficient 








mp mM~ cm7) 
562.5 (reduced-oxidized) 13.2 
562.5-600 (reduced) 20.7 
429 (absolute, reduced) 114.0 





persion was achieved as evidenced by the approximate agreement 
between the molecular weight calculated from the sedimentation 
characteristics observed in the analytical ultracentrifuge and the 
molecular weight calculated from the heme to protein ratio. A 
change in molecular arrangement from aggregate to monomer 
upon treatment with cetyldimethylethylammonium bromide 
was also demonstrated by the attendant change in response to 
fractionation with ammonium sulfate. Cytochrome 6 dispersed 
by sodium dodecy] sulfate was precipitated at 8.0% of saturation 
with ammonium sulfate, while the hemoprotein dispersed by 
cetyldimethylethylammonium bromide was precipitated at 70% of 
saturation with the salt. Deriphat 170C,* an amphoteric deter- 
gent, effected clarification of suspensions of cytochrome 6 in the 
pH range in which it acted as an anionic detergent, but solubilized 
the hemoprotein in a monomolecular dispersion only in the pH 
range in which it acted as a cationic detergent. 


Ultracentrifuge Data 


Monomeric cytochrome } sedimented with a single boundary; 
the sedimentation coefficient was 2.6 corrected to 20° in water. 
The frictional ratio (f:fo), was 1.75, indicating an unusually 
high degree of asymmetry. 


6 Obtained as a gift from General Mills, Kankakee, Illinois. 
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Heme Group 


The heme group was readily removed from the protein moiety 
of cytochrome 6 by extraction into acid-acetone according to a 
modification of the method of Basford et al. (13). The spectrum 
of the dithionite-reduced pyridine hemochromogen of the cyto- 
chrome b heme showed peaks at 558 my and 525 muy for the a- 
and @-bands, respectively, corresponding to the values for the 
pyridine derivative of ferroprotoporphyrin IX. 


Chemical Reduction of Cytochrome b 


The oxidized form of cytochrome b could be reduced chemically 
by Na2S.0,, but not by KBH,, by ascorbic acid, or by hydrogen 
in the presence of a palladium catalyst. 


DISCUSSION 


By the process described in this paper, cytochrome 6 at a purity 
of 36.1 umoles of heme per g of protein was routinely isolated 
from beef heart mitochondria in 30% yield. The isolation pro- 
cedure was effective only for mitochondria prepared in KCl as 
described herein. All attempts to adapt the process to mito- 
chondria prepared by the conventional sucrose procedures (10) 
were unsuccessful. 

There were two key steps in the isolation and purification 
process. The first was the use of the mild heating procedure in 
the presence of potassium cholate and ammonium sulfate, which 
served to effect a cleavage of the b-c, complex (Fig. 1, Stage II). 
The cleavage occurred in such a way as to leave most of the 
extraneous mitochondrial protein in solution attached to the 
cytochrome c,, whereas the cytochrome 6 could be recovered as 
a flocculent precipitate. The other key step was the ammonium 
sulfate fractionation of the partially purified cytochrome 6 after 
solubilization with sodium dodecyl sulfate. The detergent 
served to maintain extraneous protein in solution at a:level of 
saturation with ammonium sulfate sufficient to precipitate 
cytochrome b. Although cetyldimethylethylammonium bromide 
effected a monomolecular dispersion of the hemoprotein, it was 
of no use in the purification process. In the presence of this 
cationic detergent, cytochrome b was precipitated from solution 
by ammonium sulfate together with contaminating protein. It 
appeared that the cytochrome 6 was tightly bound to extraneous 
protein, and that such bonds were cleaved during the purification 
process. The cytochrome } was refractory to purification by 
column chromatography;’ such procedures lead to the separation 
of hemoprotein from detergent, resulting in precipitation of 
cytochrome 6 within the matrix of the column. The precipitated 
hemoprotein could not be eluted by passing detergent solutions 
through the column. 

The fact that values for the iron content and the heme content 
of the purified cytochrome b (35.3 watoms per g and 36.1 umoles 
per g, respectively) were in good agreement indicates that the 
preparation did not contain a significant amount of non-heme 
iron. 

The high value obtained for the frictional ratio of cytochrome 
b (1.75) indicates that the molecule is highly asymmetrical, its 
length being some 10 times greater than its width. This finding 
is especially interesting because the purified preparation of 
microsomal cytochrome b; obtained by Strittmatter and Velick 
(19) was found to have the same shape. 


7 The following columns were tested: carboxymethyl] cellulose, 
Amberlite IRC-50, ECTEOLA-cellulose, Cas(PO,)2 gel, Dowex 1. 
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The purity of the cytochrome b preparation described in the 
present study (and in a preliminary note (8)) (36.1 umoles of 
heme per g of protein) is considerably higher than reported 
previously. Hiibscher et al. (4) reported a partially purified 
cytochrome 6 obtained by autolysis of a fraction from a bile 
salt-treated ox heart muscle preparation. The molecular weight 
calculated for this preparation from its heme to protein ratio 
was 250,000, indicating a large contamination with extraneous 
protein. The preparation of Sekuzu and Okunuki (6) cannot be 
compared to others since no analytical data concerning its purity 
were given. Feldman and Wainio (7) used a crude preparation 
of pancreatic protease to obtain partially purified cytochrome } 
from beef heart muscle. The molecular weight of this prepara. 
tion was estimated at 175,000. The Feldman and Wainio prep. 
aration could be brought into a clear suspension by treatment 
with sodium deoxycholate, but precipitated upon dialysis. This 
finding would be expected from the observation, made on the 
more highly purified preparation reported herein, that cyto- 
chrome 6 readily aggregates and is, thus, insoluble in the absence 
of detergent. Aggregated cytochrome b may be brought into an 
optically clear suspension by the use of anionic or nonionic de- 
tergents, as shown in the present study. However, “depoly- 
merization” of the hemoprotein into a monomolecular dispersion 
was achieved only upon treatment with a cationic detergent. 

A full discussion of the oxidation-reduction potential and en- 
zymatic properties of purified cytochrome b will be presented in 
a forthcoming report. 


SUMMARY 


1. A procedure is described for the isolation and purification 
of cytochrome 6 from beef heart mitochondria. By this proce- 
dure, the hemoprotein is obtained at a purity of 36.1 umoles per 
g of protein and in a 30% yield. 

2. Chemical analysis of iron, heme, flavin, and lipid content, 
spectroscopic absorption characteristics, stability, and studies 
on molecular shape are also reported for this preparation. 
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3. Evidence is presented for the fact that isolated cytochrome | 


b tends to aggregate. A method is described for the disaggrega- 
tion of the hemoprotein by the use of the cationic detergent, 
cetyldimethylethylammonium bromide. The monomeric form 


of cytochrome 6} thus obtained appears homogeneous in the | 


analytical ultracentrifuge. 

4. The molecular weight of cytochrome }, calculated on the 
basis of the iron or heme content of the preparation reported 
herein, is 28,000. This figure is substantiated by studies of the 
monomeric cytochrome in the analytical ultracentrifuge. 
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Note Added in Proof—Dr. Allison M. Pumphrey has performed 
an exhaustive examination of the extinction coefficient of purified 
cytochrome 6 after this paper was submitted for publication. 
The absolute extinction coefficient for reduced cytochrome } 
(562.5 — 600) determined in absence of detergent was 26.5 X 
mm-! cm-!. When sodium dodecyl sulfate was added in various 
concentrations, the extinction coefficient was lowered. An ex- 
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tinction coefficient of 20.7 x mm-! em-! was obtained when the | 
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spectral measurements were carried out in the presence of 1 mm 
sodium dodecyl sulfate and 10 mm potassium phosphate (pH 
7.4) which is in agreement with the extinction coefficient de- 
seribed in “Methods.” 
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The object of the work described in this paper was to deter- 
mine whether intra- and extramitochondrial pyridine nucleotides 
exchange with one another, and to measure the rate at which 
such exchanges occur. A number of previous observations have 
indicated that the rate at which pyridine nucleotides can diffuse 
into and out of the mitochondria is not rapid. For example, 
Lehninger (1) showed that isolated mitochondria oxidize exter- 
nally added reduced diphosphopyridine nucleotide only very 
slowly or not at all, provided the mitochondria have not been 
damaged. Since such mitochondria are capable of oxidizing 
intramitochondrial DPNH rapidly, it may be inferred that the 
mitochondria are relatively impermeable to DPNH. A different 
type of experiment involved the use of intact locust spermatids. 
These cells contain mitochondria which are bunched together, 
and mitochondria-free areas occur in the cytoplasm. With a 
microscope-linked fluorometer, Chance and Thorell (2) demon- 
strated that the intramitochondrial reduced pyridine nucleotides 
of the spermatids can become oxidized without the concomitant 
oxidation of the extramitochondrial reduced pyridine nucleotides. 
The rate of entry of reduced pyridine nucleotides into the mito- 
chondria appears in this case to be slow compared to the rate 
at which the mitochondria can oxidize intramitochondrial re- 
duced pyridine nucleotides. Another kind of evidence is the 
reproducibility of over fifty separate analyses of the pyridine 
nucleotide content of liver mitochondria (3). This reproducibil- 
ity indicates that intramitochondrial pyridine nucleotides do 
not diffuse out of undamaged mitochondria suspended in cold, 
isotonic sucrose. At most, they do so extremely slowly. The 
permeability to pyridine nucleotides of mitochondria suspended 
in a saline medium at 0° and 25° was studied by Birt and Bartley 
(4). These authors concluded that isolated, undamaged mito- 
chondria exclude added DPN and DPNH. In contrast, it was 
concluded that added TPN and TPNH enter the mitochondria 
readily and participate in intramitochondrial oxidations and re- 
ductions. 

The experiments reported in this paper show that diphospho- 
pyridine nucleotides enter liver mitochondria at a rate which is 
measurable in vivo and in vitro. The rate is very slow compared 
to the respiratory rate of liver. Triphosphopyridine nucleotides 
enter liver mitochondria at a rate which is slower than the rate 
of entry of DPN, but at a rate which is still measurable in vivo 
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and in vitro. TPN enters the mitochondria much more slowly 
than TPNH. DPNH probably enters the mitochondria more 
slowly than DPN. 


EXPERIMENTAL PROCEDURE 


Chemicals and Enzymes—Nicotinic acid-7-C™“ and _nicotin- 
amide-7-C™ were obtained from Research Specialties Company 
and from New England Nuclear Corporation. The latter also 
supplied benzoic acid-C'*. Pyridine nucleotides were obtained 
from Sigma Chemical Company. Nicotinamide and _ nicotinic 
acid were obtained from Eastman Organic Chemicals and Nutri- 
tional Biochemicals Corporation, respectively. L,.(+) Isocitrate 
was a generous gift from Dr. H. Vickery. Triethanolamine was 
obtained from Fisher Scientific Company, and was redistilled. 
a-Ketoglutarate was obtained from Mann Research Laboratories, 
Inc., and crystalline alcohol and glutamate dehydrogenases from 
Boehringer and Sons, Mannheim, Germany. TPNH-specific 
isocitrate dehydrogenase was prepared from pig heart by employ- 
ing steps 1 and 2 of the procedure of Ochoa (5). _DPN-specifie 
isocitrate dehydrogenase was prepared from bakers’ yeast by an 
unpublished procedure. Pig brain DPNase, kindly supplied by 
Dr. H. Windmueller, had an activity of 141 units per mg of pro- 
tein (1 unit hydrolyzes 1 ymole of DPN per hour at 37°). Crys- 
talline hexokinase was kindly supplied by Dr. S. Colowick. 

Mitochondria and High Speed Supernatant of Rat Liver—These 
were prepared by the method of Hogeboom (6), except that 0.25 
M sucrose was used throughout the preparation. The centrifuga- 
tion speeds were those recommended by Myers and Slater (7). 
High speed supernatant was prepared from the first supernatant 
by centrifugation at 30,000 r.p.m. in rotor No. 30 of the Spinco 
preparative ultracentrifuge for 30 minutes. 

Oxidized and Reduced Mitochondrial Pyridine Nucleotides— 
These were assayed separately by specific enzymatic, fluoro- 
metric methods (8, 3). Alternatively, the total pyridine nucleo- 
tides were measured after conversion of the reduced pyridine 
nucleotides in the mitochondria to their oxidized form. The 
conversion was carried out by incubating 0.05 or 0.1 ml of the 
mitochondrial suspension with 40 mmM_ potassium phosphate 
buffer, pH 7.2, 33 mM nicotinamide, and 50 mm sucrose. Final 
volume, 0.6 ml; 25°; 15 minutes. The reaction was stopped with 
0.07 ml of 40% trichloroacetic acid. Aliquots of the trichloro- 
acetic acid supernatant were assayed for total pyridine nucleo- 
tides by the methyl ethyl ketone method (8, 9). 


Oxidation and Separation of Reduced Pyridine Nucleotides of | 


Mitochondria and Supernatant—A suspension of rat liver mito- 
chondria in 1.5 ml of 0.25 m sucrose was incubated with 30 pmoles 
of succinate for 3 minutes at 0°. This treatment converts most 
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| of the DPN to DPNH and “extra” DPN (10, 11). The mixture 


was then added to 6.0 ml of freshly prepared 1.25 m NasCO; 
which had been preheated in a homogenizing tube in a boiling 
water bath for 4 minutes. After 4 minutes at 95°, the extract 
was rapidly cooled to 0°, and was neutralized to pH 7.8 with 3 
x acetic acid. Oxidized pyridine nucleotides are completely 
destroyed by this procedure. 

The supernatant, usually 40 to 60 ml, obtained after sedimen- 
tation of the mitochondria was added to 4.0 to 6.0 ml of freshly 
prepared 1.25 M NazCOs, which had been preheated in a steam- 
jacketed Waring Blendor for 1 minute before addition of the 
supernatant. After addition of the supernatant, the blendor 
was turned on for 45 seconds. The steam was disconnected and 
the extract was left in the blendor for 1 minute before it was 
cooled, and neutralized with 3 N acetic acid to pH 7.5. 

The reduced pyridine nucleotides were then converted to their 
oxidized form by incubating the neutralized alkali extract of 
mitochondria or supernatant with beef liver glutamic dehy- 
drogenase in the presence of a-ketoglutarate and NH,Cl. The 
mitochondrial reaction mixture contained 7.2 ml of the alkali 
extract of mitochondria and the following: 7.2 mm a-ketoglu- 
tarate, 72 mm NH,Cl, and 1.0 mg of crystalline glutamic dehy- 
drogenase. Final volume, 8.0 ml; 30°; 45 minutes. The super- 
natant reaction mixture contained 40 ml of the alkali extract 
of supernatant and the following: 5 mm a-ketoglutarate, 25 mm 
NH,Cl, and 2.0 mg of crystalline glutamic dehydrogenase. Final 
volume, 42.2 ml; 30°; 45 minutes. Both reactions were stopped 
with 0.1 volume of 40% trichloroacetic acid and the resulting 
suspensions were centrifuged. The supernatants were extracted 
three times with an equal volume of diethyl ether, and the aque- 
ous layer was brought to pH 8.5 with Tris base. After dilution 
of the extract to 20 ml in the case of mitochondria, and to 100 ml 
in the case of supernatant, the oxidized pyridine nucleotides were 
separated on columns of Dowex 1 resin, 200 to 400 mesh, 10% 
cross-linked, formate form, with a resin bed 1 cm in diameter 
and 10 cm in height. After the extract had soaked into the 
column, stepwise elution was started. Fractions, 10 ml each, 
were collected as follows: 5 of water, 5 of 0.25 m formic acid 
(DPN-eluted), 3 of 0.50 m formic acid, 3 of 1.0 m formic acid, 
and 8 of 1.25 m formic acid (TPN-eluted). The fractions con- 
taining DPN and TPN were freeze-dried, and checked for purity 
by paper chromatography in ethanol-1.0 mM ammonium acetate, 
pH 5.0 (7:3, volume for volume), or in butanol-glacial acetic 
acid-H,O (12:3:5, volume for volume for volume), and by paper 
electrophoresis in 0.05 m triethanolamine-HCl buffer, pH 7.2. 
The compounds were eluted from the paper with water, counted, 
and assayed for DPN and TPN. 

Labeling of Pyridine Nucleotides in Vivo—Female, Wistar 
strain rats, weighing between 200 and 300 g, were lightly anesthe- 
tized with ether and treated by intraperitoneal injection with 
nicotinic-7-C™ acid in doses equivalent to 5 mg per kg of body 
weight. The injected rats were placed in cages supplied with 
laboratory chow and water, and were killed at different times 
after injection. The livers were removed immediately and 
worked up for mitochondria and supernatant. 

Preparation of DPN-C“ and TPN-C4—DPN and TPN, la- 
beled with C™ in the nicotinamide moiety, were prepared with 
the aid of the exchange reaction catalyzed by pig brain DPNase 
(12). The reaction conditions and yields are shown in Table I. 
The reaction was stopped by immersing the reaction tube in a 
boiling water bath for 3 minutes. The mixture was cooled, and 
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Preparation of labeled DPN and TPN from nicotinamide-C™ 

The reaction mixture for Experiment 1 contained 0.05 m Tris 
buffer, pH 7.2; pig brain DPNase, 50 units; and nicotinamide and 
DPN as indicated. Final volume, 0.8 ml; 25°. The reaction was 
followed by placing 10-ul aliquots of the reaction mixture on small 
columns of Dowex 1-formate. The columns were washed with 2.0 
ml of water, which sufficed to remove nicotinamide completely. 
The reaction was stopped after 2 hours, when the nicotinamide in 
the water wash of the column had attained a constant radioac- 
tivity. The reaction mixture for Experiment 2 contained 0.055 
M Tris buffer, pH 7.2; pig brain DPNase, 62.5 units; and nico- 
tinamide and TPN as indicated. Final volume, 0.9 ml; 25°; 1 
hour. 























eh 
—— } Starting materials Product 
| 0x | 10-* x 
107 X% 107 X 
| pmoles C.p.m. pad moles c.p.m. — 
1 | Nicotinamide- | 20.0 | 5.47*| 273 2.00 
cu | | 
| DPN 51.2 32.4 | 2.64 | 81.5 
2 | Nicotinamide- | 20.0 | 5.47 | 273 2.69 
| | 
| TPN 53.6 | 38.4 | 2.36 | 61.5 








* 0.64 X 107 c.p.m. were withdrawn at different times to ob- 
serve the progress of the reaction. 


spotted in a line 15 cm in length, on a sheet of Whatman E17 
filter paper. The paper was soaked in 0.02 m phosphate buffer, 
pH 7.2, blotted without touching the radioactive area, and sub- 
jected to electrophoresis at 250 volts and 40 ma for 6 hours. 
DPN and TPN were completely separated from each other and 
from nicotinamide, ADP-ribose, and ADP-ribose-P. The distances 
travelled by these substances in a typical run were +2.5, +5.7, 
—1.7, +7.3, and +8.7 cm, respectively. The compounds were 
detected on the dried paper with the aid of an ultraviolet lamp, 
and the spots were cut out and eluted with water. The DPN-C' 
and TPN-C* so obtained were checked for purity by ascending 
paper chromatography in butanol-glacial acetic acid-water 
(12:3:5, volume for volume for volume). Autoradiographs 
prepared from these chromatograms showed a single radioactive 
spot which coincided with the ultraviolet spot of the pyridine 
nucleotide. No trace of nicotinamide, nicotinamide mono- 
nucleotide, nicotinamide riboside, or of any other ultraviolet 
light-absorbing spot could be detected. 

Preparation of DPNH-C'*—The reaction mixture contained 
230 umoles of Tris buffer, pH 7.4, 4.6 wmoles of MgCle, 13.8 
umoles of isocitrate, 4.6 wmoles of AMP, and 0.671 umole of 
DPN-C™. The reaction was started by adding DPN-specific 
isocitrate dehydrogenase. Final volume, 4.6 ml; 25°; 15 min- 
utes. The reaction was followed both spectro- and fluoromet- 
rically during this period. Analyses showed that the DPNH 
so prepared was contaminated with less than 1% DPN. The 
solution was used immediately. In another preparation, alcohol 
dehydrogenase was used to reduce DPN-C". The reaction 
mixture contained 100 umoles of Tris adjusted to pH 10.1 with 
HCl, 0.03 ml of 95% ethanol, and 1.64 umoles of DPN-C“. The 
reaction was started by adding 0.6 mg of alcohol dehydrogenase. 
Final volume, 1.0 ml; 24°;15 minutes. The reaction was stopped 
by placing the tube in a boiling water bath for 5 minutes. The 
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reaction mixture was cooled on ice and neutralized to pH 8.0 
with 3 N acetic acid. Analyses showed that the solution of 
DPNH so prepared contained less than 1% DPN. 

Preparation of TPNH-C'—The reaction mixture contained 
50 umoles of Tris buffer, pH 7.4, 3.75 umoles of MgCl, 4 umoles 
of isocitrate, and 2.17 umoles of TPN-C'. The reaction was 
started by adding TPN-specific isocitric dehydrogenase (91 
units). Final volume, 2.1 ml; 24°; 15 minutes. The reaction 
was stopped by the addition of 0.25 ml of 1.0 m Tris base, and 
the tube was heated in a boiling water bath for 3 minutes. The 
reaction mixture was cooled on ice and neutralized to pH 7.8, 
approximately, with 3 N acetic acid. Analyses showed that the 
TPNH so prepared was contaminated with 11.5% TPN. 

Assay of Incorporation of Radioactive Pyridine Nucleotides into 
Mitochondria in Vitro—Mitochondria were incubated with radio- 
active pyridine nucleotide. At the conclusion of such incuba- 
tions, 6 ml of an ice-cold solution containing 4 mm succinate, 
0.75 mm MgCl, and 0.25 m sucrose were added to the reaction 
mixture. The suspension was mixed, and the mitochondria were 
sedimented in a refrigerated centrifuge. The supernatant was 
decanted and the mitochondria were resuspended in 7 ml of the 
same medium with the aid of a homogenizer and recentrifuged. 
The washing process was repeated once more. Finally, the 
mitochondrial pellet was dispersed in 0.5 ml of 0.25 m sucrose. 
Aliquots of this suspension were used for counting and for pyri- 
dine nucleotide analyses. 

Radioactivity Measurements—These were performed with a 
very thin end window, gas flow Geiger tube. The samples were 
counted on ground glass disks, and self-absorption corrections 
were applied with the aid of an internal standard consisting of 
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benzoic acid-C%, 
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All samples were counted in duplicate fo 
10,000 counts. 


RESULTS 
Labeling of Intra- and Extramitochondrial Pyridine Nucleo. | 


tides of Liver in Vivo—The rates were measured at which the 


pyridine nucleotides of rat liver become labeled after rats are 
treated by intraperitoneal injection with nicotinic acid-C™, The 
object of these experiments was to determine whether the extra. 
and intramitochondrial pyridine nucleotides become labeled at 
similar or at different rates. The synthesis of DPN from nie. 
tinic acid takes place in the extramitochondrial part of the cel] 
(13, 14). If the pyridine nucleotides in the intra- and extra. 
mitochondrial compartments were found to become labeled at 
similar rates, this would suggest that the rate of equilibration of 
the pyridine nucleotides in both compartments is rapid compared 
to the time taken to separate the mitochondria from the extra. 
mitochondrial fluid. In this case, the rates of equilibration 
could not be calculated. If, on the other hand, the pyridine 
nucleotides were found to become labeled at different rates, then 
at least an upper limit for the rates of equilibration between the 
extra- and intramitochondrial pyridine nucleotides could be 
calculated. 

Rats were killed at different times after receiving an intra- 
peritoneal injection of nicotinic acid-C“%. The specific activities 
of the intra- and extramitochondrial pyridine nucleotides in the 
liver of each rat were determined. The results show that the 
extramitochondrial pyridine nucleotides of the liver become 
labeled more rapidly than the intramitochondrial pyridine nu- 
cleotides (Fig. 1). One hour after the injection of the nicotinic 
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Fic. 1. Incorporation of nicotinic acid-C"* into pyridine nucleo- 
tides of rat liver in vivo. Rats were treated by injection with 
nicotinic acid-C™ (specific activity, 2.27 X 10° c.p.m. per umole) 
at a dose of 5 mg per kg of body weight. After injection, the rats 
were killed at the times shown, and mitochondria and high speed 
supernatant of the animals’ livers were prepared. Alkali extracts 
of mitochondria and supernatant were made, neutralized, and 
incubated with glutamic dehydrogenase in the presence of a-keto- 
glutarate and NH,Cl. DPN and TPN in the resulting solution 
were separated by ion exchange chromatography. The separate 
fractions containing DPN were pooled, freeze-dried, and purified 


further by paper chromatography. As a check on purity, the 
separate ion exchange fractions were not pooled in some experi: | 
ments, but were worked up and purified separately by paper chro- 
matography. The specific activities of the DPN in each separate, 
purified fraction were found to be constant. Fractions containing 
TPN were worked up and checked for purity in the same mannet. 
The specific activities of the purified pyridine nucleotides are 
plotted as a function of the time of incorporation. 
pyridine nucleotides are represented by solid circles, supernatant i 
pyridine nucleotides by open circles. 
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gcid-C"“, the extramitochondrial diphosphopyridine nucleotide 

s three times the specific activity of the intramitochon- 
drial diphosphopyridine nucleotide, and the extramitochondrial 
triphosphopyridine nucleotide possesses six times the specific ac- 
tivity of the intramitochondrial triphosphopyridine nucleotide. 
Assuming that the average specific activities of the extramito- 
chondrial pyridine nucleotides during the first hour were one-half 
of those observed at the end of the first hour, then approximately 
two-thirds (4 + 4) of the intramitochondrial diphosphopyridine 
nucleotide, and one-third (4 + 4) of the intramitochondrial tri- 
phosphopyridine nucleotide, are replaced by extramitochondrial 
pyridine nucleotides per hour. The more precise rates obtain- 
able from Fig. 1 are 100 X 2.2/3.55 = 62% for diphosphopyri- 
dine nucleotide, and 100 x 0.6/1.7 = 35% for triphospho- 
pyridine nucleotide. No allowance has been made in these 
calculation that labeled as well as unlabeled molecules of pyridine 
nucleotides may leave the mitochondria during the period under 
consideration. This simplification makes the calculated per- 
centage replacements somewhat lower than the true rates. As- 
suming that mitochondria contain 41.5 mumoles of diphospho- 
pyridine nucleotide per 10 mg of protein (3, 15), then the 
percentage figures calculated above correspond to 62 x 41.5/ 
100 = 25.7 mumoles of diphosphopyridine nucleotide incorpor- 
ated into mitochondria equivalent to 10 mg of protein per hour. 
The corresponding figure for triphosphopyridine nucleotide is 
35 X 50.1/100 = 17.5m wmoles per 10 mg of mitochondrial 
protein. 

Incorporation of DPN-C™ and TPN-C™ into Rat Liver Mito- 
chondria in Vitro—Oxidized pyridine nucleotides are incorporated 
into mitochondria when incubated together in vitro. This is 
demonstrated by the experiments shown in Table II. The 
amount of DPN incorporated per hour is about 100 x 1.45/94 = 
1.54% of the DPN present in the supernatant. The correspond- 
ing figure for TPN is about 0.15%. The concentration of the 
added DPN-C"™ in these experiments was somewhat lower than 
that reported to occur in vivo, whereas that of the added TPN- 
C“ was higher (16, 17). Another experiment which demon- 
strates the incorporation of DPN into mitochondria is shown in 
Table III. The concentrations of DPN-C" used in this experi- 
ment were larger than those used in Table II, and were approxi- 
mately equal to the concentrations present in whole liver. In 
the three experiments shown in Table III, the amounts of DPN 
incorporated per hour were 2.9, 2.1, and 2.1% of the DPN pres- 
ent in the supernatant. These values are greater than those 
reported in Table II, but are within the range of variation en- 
countered (Fig. 4). The conditions used in these experiments 
were such as to maintain the respiratory chain in a steady state 
in the presence of substrate and phosphate acceptor. The data 
shown in Tables II and III can be used to calculate the percent- 
age of mitochondrial DPN + DPNH which was replaced by the 
added DPN-C™. For example, Experiment 1b, Table III, 
shows that 13.8 myumoles of DPN-C™ were incorporated into 
the mitochondria per 10 mg of mitochondrial protein per 45 
minutes. It shows, further, that the total (oxidized plus re- 
duced) pyridine nucleotide concentration was 78 mumoles per 
10 mg of mitochondrial protein. Assuming that the ratio of 
(DPN + DPNH)/(TPN + TPNH) is 4:5 (3), then the con- 
centration (DPN + DPNH) in the present experiment was 35 
mumoles per 10 mg of mitochondrial protein. Hence the amount 
of DPN-C™ incorporated was 100 Xx 13.8/35 = 39% of the 
(DPN + DPNH) in the mitochondria. As is shown subse- 
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Incorporation of DPN-C* and TPN-C¥™ into 
rat liver mitochondria 

The reaction mixture contained 23 mm potassium phosphate 
buffer, pH 7.2; 23 mm glucose; 1.5 mm ADP; 27.5 mM nicotinamide; 
31 mm sodium fluoride; 2.3 mm MgCl; 31 mm succinate; and 77 
mM sucrose. In addition, the reaction mixture contained mito- 
chondria, 17.6 mg of protein; crystalline hexokinase, 1350 units; 
and DPN-C'*, 94 mumoles (11,000 c.p.m.), or TPN-C"*, 80 mu- 
moles (10,900 ¢.p.m.). Final volume, 1.3 ml;25°. The incubation 
was stopped by separating the mitochondria from the medium as 
described in ‘‘Experimental Procedure.’’ 























Total pyridine 
. ne nucleotides in 
Cc ra ae tion |Incorporation per 10 mg of protei 
7 Super- |Mitochon- 
natant dria 
Less zero mumoles/ 
min mumoles time, %* mumoles 10 mg 
myumoles protein 
po. ee 0 0.21 93 90 
BE. 8A 60 1.66 1.45 1.54 84 84 
os 3 re Pay 0.40 85 88 
og.) 60 1.81 1.41 1.50 80 87 
eee 0 | 0.23 63 96 
(2: Serer 60 | 0.35 0.12 0.15 72 95 











* Of pyridine nucleotide added. 
+t Glucose and hexokinase omitted. 


TaBLeE III 
Incorporation of DPN-C4 into rat liver mitochondria 

The reaction mixture contained 22.5 mm potassium phosphate 
buffer, pH 7.2; 1.7 mm sodium ADP; 22.5 mm nicotinamide; 33 
mM sodium fluoride; 1.3 mm MgCl.; 33 mM succinate; and 70 mm 
sucrose. The reaction mixture also contained mitochondria (20 
mg of protein for rat 1, 24.3 mg of protein for rat 2) and DPN-C™ 
(420 mumoles (3.57 X 105 ¢.p.m.) for rat la, 840 mumoles (7.15 X 
10° c.p.m.) for rat 1b, and 420 mymoles (3.57 X 105 c.p.m.) for 
rat 2). Final volume, 1.2 ml; 25°. The incubation was stopped by 
separating the mitochondria from the medium as described in 
“Experimental Procedure.’’ - 




















| 
i Total pyridi 
Rat | Incubation | Incorporation per 10 mg of protein | nucleotide in 
| mitochondria 
| min mumoles wae * —— %* we - mg 
la | 0 0.7 
| 45 9.9 9.2 2.2 65 
| 
Ib | o | 1. 
| 45 | 14.8 13.8 1.6 78 
Picked 
i | 7.3 6.6 1.6 79 








* Of DPN added. 


quently (Fig. 6), this percentage agrees well with that calculated 
from the specific activities of the DPN-C"™ added and that iso- 
lated from the mitochondria. 

The amount of DPN incorporated is proportional to the time 
of incubation, between 20 and 60 minutes (Fig. 2a), but the much 
smaller incorporation of TPN-C™ is not proportional to time. 
The line showing the incorporation of DPN-C" cuts the abscissa 
at about 10 minutes, which is the approximate time required to 
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Fic, 2. The effect of time on the incorporation of DPN-C"* into 
mitochondria in vitro. The reaction contained 23 mm potassium 
phosphate buffer, pH 7.2; 23 mm glucose; 7.7 mm sodium ADP; 
27.5 mM nicotinamide; 31 mM sodium fluoride; 1.9 mm MgCl.; 31 
mM succinate; and 77 mm sucrose. In addition, the reaction con- 
tained crystalline hexokinase, 1350 units; DPN-C"™, 94 myumoles 
(11,000 c.p.m.); and mitochondria, 22.8 mg of protein. Final 
volume, 1.3 ml; 25°. The incubation was stopped by separating 
the mitochondria from the medium as described in ‘Experimental 
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Fic. 3. The effect of the mitochondrial concentration on the 
incorporation of DPN-C" into mitochondria in vitro. The reac- 
tion conditions were as for Fig. 2, except that the mitochondrial 
concentration was varied as shown. The incubation was stopped 
by separating the mitochondria from the medium as described in 
‘‘Experimental Procedure.’’ ©, zero time; @, 60 minutes of 
incubation. 


stop the incubation by centrifuging down the mitochondria. 
The recoveries of added DPN and TPN in the supernatant were 
about 90 and 85%, respectively. A correction has been made 
in Fig. 2a which allows for the amount of DPN lost from the 
mitochondria during the incubation. This loss is greatly ac- 
celerated about 60 minutes after the start of the incubation 
owing, presumably, to lysis of the mitochondria. The DPN 
lost from the mitochondria appears in the supernatant (Fig. 2b). 

The amount of DPN-C" incorporated into the mitochondria 
is also proportional to the amount of mitochondria present (Fig. 
3), and to the concentration of DPN-C"™ added (Fig. 4). Lastly, 
the rate at which DPN-C" is incorporated into mitochondria is 
influenced by the amount of TPN present (Fig. 5), even though 


Procedure.’’ (a) shows the per cent of the supernatant DPN 
incorporated into the mitochondria: O, uncorrected; and ®@, cor- 
rected for pyridine nucleotides lost from the mitochondria during 
the incubation. (6) shows the changes in pyridine nucleotide 
concentration during the incubation, and the loss of protein from 
the mitochondria: 0, total pyridine nucleotides in supernatant; 
A, total pyridine nucleotides in mitochondria; X, protein in su 
pernatant. 


TPN itself is incorporated much more slowly than DPN. On 
the other hand, the incorporation of TPN-C" is not increased 
by the addition of DPN. 

Incorporation of DPNH-C™ into Rat Liver Mitochondria in 
Vitro—Two types of experiments were attempted to determine 
the rate of incorporation of DPNH-C" in vitro. In the first, 
DPNH-C™ was generated continuously from isocitrate in the 
presence of DPN-specific isocitrate dehydrogenase prepared 
from yeast. In the second, DPNH-C" was added but was not 
regenerated. 

In the experiments in which DPNH-C"™ was regenerated, 
fluorescence measurements were made before and during the 
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Fic. 4. The effect of the concentration of DPN-C* on its in- 


corporation into mitochondria in vitro. The results of ten differ- 


ent preparations are summarized in this figure. The reaction 
conditions were similar to those in Fig. 2, except that hexokinase 
and glucose were omitted. The incubation times varied, but the 
amounts of DPN-C" incorporated have been adjusted to be per 
hour. 
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incubation with mitochondria. According to the fluorescence 
readings, the level of reduced pyridine nucleotide remained 
constant for 7 minutes of the incubation and then decreased very 
slowly. The reaction was stopped by separating the mitochon- 
dria from the incubation mixture as described in “Experimental 
Procedure” at 0, 12, 22, and 36 minutes. The incorporation of 
radioactivity into the mitochondria corresponded to 1.7 mumoles 
of DPNH per 10 mg of mitochondrial protein per hour. This is 
about one-twelfth of the rate observed with DPN. However, 
the material remaining in the supernatant which fluoresced at 
460 my, and which was supposed to be DPNH, did not lose its 
fluorescence in the presence of acetaldehyde and an excess of 
alcohol dehydrogenase. After treatment with acetaldehyde and 
alcohol dehydrogenase, the solution continued to show an ab- 
sorption peak at 340 my which corresponded to 77% of the 
DPNH originally present. A sample of the DPNH-C" used in 
the experiment which had not been incubated with mitochondria 
was oxidized completely in the presence of acetaldehyde and 
alcohol dehydrogenase. The substance which absorbed at 340 
my at the end of the incubation period was, therefore, not DPNH 
but some derivative of DPNH. 

In the experiments in which DPNH-C"™ was added but was 
not regenerated in the incubation mixture, the DPNH was oxi- 
dized to DPN at the mitochondrial concentrations used (equiva- 
lent to 2 to 10 mg of protein per ml). This might be interpreted 
to indicate that the mitochondria used were extensively damaged. 
That this was not the case is shown by the following experiments. 
When DPNH equivalent to an ODs40 my of 0.400 was added to 
mitochondria equivalent to 0.44 mg of protein in 3 ml of 0.25 
M sucrose in a spectrophotometer cell with a 1-cm light path, no 
oxidation of the DPNH could be observed at 340 my and 25° 
over a period of 10 minutes. A cell containing mitochondria 
without DPNH served as a reference. The same amount of 
mitochondria after prior suspension in 20 volumes of distilled 
water at 0° oxidized DPNH at the rate, AODso mz = 0.224 
per minute at 25°. The rate of oxidation of DPNH was pro- 
portional to the amount of lysed mitochondria added. Suppose 
that mitochondria equivalent to 8.8 mg of protein per ml were 
used in a DPNH incorporation experiment together with 124 
mumoles per ml of DPNH (equivalent to an ODzo mu of 
0.775). If only 1% of the mitochondria used in such an experi- 
ment were damaged, these damaged mitochondria had the 
capacity to oxidize all of the DPNH present in just over 1 min- 
ute. It is, thus, difficult from a technical point of view to con- 
duct DPNH-C* incorporation experiments if the rate of incor- 
poration of DPNH into mitochondria is very slow. Because 
the rate is very slow, high concentrations of mitochondria (equiv- 
alent to 5 to 10 mg of protein per ml) have to be employed, but, 
ifa small fraction of these is damaged, this is sufficient to oxidize 
the added DPNH rapidly. In a series of experiments with 
DPNH-C, the rate of incorporation observed was never greater, 
and was usually less, than that observed with DPN-C™. It is 
tentatively concluded that the incorporation observed was due 
to DPN and not to DPNH. This conclusion fits the experi- 
mental observations with DPN-C"™, which show that the rate 
of incorporation of DPN is adequate to account for the rates 
observed in vivo. 

Incorporation of TPNH-C™ into Rat Liver Mitochondria in 
Vitro—TPNH is incorporated into mitochondria in vitro at rates 
which are considerably greater than those found for TPN (Table 
IV). The amount of extramitochondrial TPNH incorporated 
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Fie. 5. The influence of one pyridine nucleotide on the incor- 
poration of the other. The reaction conditions were the same as 
those in Fig. 2, except that hexokinase and glucose were omitted, 
and that both DPN and TPN were used. Time of incubation, 40 
minutes. @, 41 mumoles of DPN-C™ (5120 ¢.p.m.) incubated 
with unlabeled TPN, concentrations as shown; O, same results 
corrected for loss of pyridine nucleotides from the mitochondria; 
V, 81 mymoles of TPN-C* (10,900 c.p.m.) incubated with un- 
labeled DPN, concentrations as shown. 


TaBLe IV 
Incorporation of TPNH-C" into rat liver mitochondria 


Mitochondria (8.75 mg of protein) were incubated in a reaction 
mixture which contained 25 mm potassium phosphate buffer, 
pH 7.2; 1.7 mm sodium ADP; 22.5 mM nicotinamide; 33 mm sodium 
fluoride; 1.3 mm MgCl»; 33 mM succinate; 70 mM sucrose; 31 mM 
Tris-HCl (introduced with TPNH); and 0.19 mm isocitrate (in- 
troduced with TPNH). In addition, the reaction mixture con- 
tained TPNH-C™, 270 myumoles (containing 155,000 ¢.p.m.), or 
DPN-C", 420 mumoles (containing 377,000 c.p.m.). The TPNH- 
C4 contained 11.5% TPN-C™. Final volume, 1.2 ml; 25°. The 
incubation was stopped by separating the mitochondria from 
the medium as described in ‘‘Experimental Procedure.”’ 
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* Per cent incorporated per 35 minutes, with the use of the 
values of TPNH present at the end of the incubation, or the 
amount of DPN added (cf. Table III). 

+ Plus 2mm KCN. 

t Plus 54 mumoles of unlabeled TPN. 

§ Estimated. 
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is about 1.1% per 35 minutes, or 1.9% per hour, of the TPNH 
present in the supernatant. This compares with a rate of 0.1% 
per hour for TPN (Table II and Fig. 5). The total pyridine 
nucleotide concentrations shown in Table IV were the lowest 
encountered in the present series of experiments. It is to be 
noted, however, that they are not ‘“‘zero time” values, but values 
obtained after incubation of the mitochondria for 10 minutes. 


TABLE V 


Incorporation of nicotinamide-C' and nicotinic acid-C'4 into 
rat liver mitochondria 

Mitochondria (11.3 mg of protein) were incubated with 124 
myumoles (50,500 c.p.m.) of nicotinamide-C", or 35 mumoles (64,600 
¢.p.m.) of nicotinic acid-C'*. The reaction mixture also contained 
25 mM potassium phosphate buffer, pH 7.2; 1.7 mm ADP; 33 mm 
sodium fluoride; 2.6 mm MgCl.; 33 mm succinate; and 83 mm 
sucrose. Final volume, 1.2 ml; 24°. The incubation was stopped 
by separating the mitochondria from the medium as described 
in ‘‘Experimental Procedure.’’ 








| a 
Compound added time Incorporation per 10 mg of protein 
| min | mmoles | ——_ | %* 
Nicotinamide-C™ | 0 0.086 | | 
30 | 0.302 | 0.216 | 0.17 
90 0.583 | 0.497 | 0.4 
| 
Nicotinic acid-C“ | 0 0.000 
30 0.005 0.005 | 0.01 
90 0.018 0.018 | 0.05 





* Of nicotinamide or nicotinic acid added. 
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(The zero time values in this experiment were lost.) Another 
experiment, in which mitochondria equivalent to 19.0 mg of 
protein were used together with 78 mumoles of TPNH-C', gaye 
a value for TPNH incorporated per 10 mg of protein of 1.1% 
per 30 minutes, or 2.2% per hour. The total pyridine nucleo. 
tides in the mitochondria in this experiment were 104 myumoles 
per 10 mg of protein. 

Incorporation of Nicotinamide-C and Nicotinic Acid-C™ jn 
Vitro—The rate at which nicotinamide-C" is incorporated into 
mitochondria is about the same as that found for TPN-C™. 
incorporation of nicotinic acid-C" is negligible (Table V). The 
nature of the radioactive compound(s) formed in the mitochon. 
dria from these radioactive precursors was not investigated. 

Radioactive Compounds Present in Mitochondria Incubated 
with DPN-C'%*—An analysis of the radioactive compounds pres- 
ent in mitochondria incubated with DPN-C™ under conditions 
similar to those indicated in Tables II and III is presented jn 
Fig. 6. Of the counts recovered after paper electrophoresis of 
the mitochondrial extract, 75% were found in the spot corre. 
sponding to DPN and 25% in the spot corresponding to nico- 
tinamide. The latter had been added to prevent destruction of 
oxidized pyridine nucleotides during the treatment which fol- 
lowed the incubation with DPN-C™. The specific activity of 
the DPN found in the mitochondria after 45 minutes of incuba- 
tion was 345 c.p.m. per mumole. Since the DPN-C™ added 
had a specific activity of 850 c.p.m. per mumole, 345 x 100/850, 
or 41%, of the mitochondrial DPN was replaced by the added 
DPN-C* during the incubation. This value agrees well with 
that determined indirectly from the results of the experiment 
shown in Table III (839% over the same time interval). The 
mitochondrial TPN remained unlabeled. The spot which con- 
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Fic. 6. Analyses of radioactive and ultraviolet-absorbing com- 
pounds present in mitochondria after incubation of mitochondria 
with DPN-C". The conditions were identical to those of Table 
III. The reduced mitochondrial pyridine nucleotides were con- 
verted to their oxidized forms by incubating the mitochondria 
with 40 mo phosphate, as described in ‘‘Experimental Procedure.’’ 
A portion of the resulting extract (‘‘Unknown’’) (0.2 ml, 9000 
¢.p.m.) was placed on Whatman E17 paper and subjected to paper 
electrophoresis in 0.02 m potassium phosphate buffer, pH 7.2, 
at 20 volts per cm for 4 hours. The paper was dried and spots 
which absorbed ultraviolet light and those which fluoresced 
under ultraviolet light were marked. Radioactive compounds 
were detected by autoradiography with Kodak No-Screen x-ray 
film for 2 weeks. All detected spots were cut out and eluted with 
water. The eluents were assayed for radioactivity, and analyzed 
fluorometrically for DPN and TPN by specific enzymatic methods. 
Solid lines show ultraviolet absorption; dotted line shows the 
position of a spot detected on the paper by its yellow fluorescence 


under short and long wave ultraviolet light; black shows radio- 
active areas on the paper; broken lines show pyridine nucleotides 
detected by fluorometric assays of eluates. The analyses of the 
spots obtained from the unknown yielded the following results: 














Specific + pyridine 
nucleotide assays Specific 
Spot C.p.m activity 

| DPN TPN 

| mumoles c.p.m./mpmole 
_ eee Pees ee 
Wri aton oes 6600 | 19.1 } 0 345 
Dis setendeds | o | | 14.4 0 








* Gives methyl ethyl ketone fluorescence equivalent to 7 mp- 
moles of DPN, but gives no enzymatic assay. 
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tained nicotinamide also contained an unidentified compound 
which gave @ fluorescence reaction with methyl ethyl ketone 
similar to that obtained with DPN. 

A preliminary analysis of the radioactive compounds present 
in mitochondria incubated with TPNH-C™ under the conditions 
shown in Table IV suggests that only the tri- and not the di- 
phosphopyridine nucleotides become labeled with C™. 

Experiments with Isolated Mitochondria Containing Radioactive 
Pyridine N ucleotides Incorporated in Vivo—Mitochondria were 
prepared from the livers of rats 93 hours after the animals had 
been injected with nicotinic acid-C“. Fig. 1 shows that, after 
this interval, the mitochondrial di- and triphosphopyridine 
nucleotides have an equal specific activity. The mitochondria 
so prepared were incubated in the presence of unlabeled pyridine 
nucleotides, and the changes with time of the specific activities 
of the mitochondrial pyridine nucleotides were measured. The 
results are shown in Table VI in terms of the specific activities 
of the individual pyridine nucleotides in the mitochondria. The 
specific activity of intramitochondrial DPN is lowered by extra- 
mitochondrial DPN, but not by extramitochondrial TPN. The 
specific activity of mitochondrial TPN remains unaffected by 
extramitochondrial DPN or TPN. Thus, although extramito- 
chondrial TPN enhances the rate of entry into the mitochondria 
of extramitochondrial DPN (Fig. 5), the results shown in Table 
VI suggest that extramitochondrial TPN has no influence on the 


TaBLeE VI 


Changes in specific activities of intramitochondrial pyridine 
nucleotides of mitochondria incubated in vitro 

Two rats, weighing 210 g and 216 g, respectively, were treated 
by intraperitoneal injection with 5 mg per kg of body weight of 
nicotinic acid-C!4 (specific activity, 2.27 X 10° c.p.m. per umole). 
The animals were killed after 9} hours and mitochondria were 
prepared from their livers. Portions of the mitochondria equiva- 
lent to 13.7 mg of protein were incubated in a reaction mixture 
which contained 25 mm potassium phosphate buffer, pH 7.4; 1.7 
mm sodium ADP; 33 mm sodium fluoride; 1.7 mm MgCl.; 33 mm 
succinate; 34 mM nicotinamide; and 70 mM sucrose. The mixture 
contained in addition, when indicated, 0.488 mm DPN or 0.198 
mm TPN. Final volume, 1.2 ml; 25°. The incubation was 
stopped in 0.35-ml aliquots, at the times shown, by separating 
the mitochondria from the medium as described in ‘Experimental 
Procedure.’’ The washed mitochondria were incubated with 40 
mM phosphate, 33 mm nicotinamide, and 0.05 m sucrose at 25° for 
15 minutes in order to convert the reduced mitochondrial pyridine 
nucleotides to the oxidized forms. The incubation was stopped 
by the addition of 0.1 volume of 40% trichloroacetic acid. The 
supernatant from the trichloroacetic acid precipitate was sub- 
jected to paper electrophoresis, and the specific activities of the 
separated DPN and TPN were determined. 


J. L. Purvis and J. M. Lowenstein 











Specific activities of mitochondrial 
pyridine nucleotides 
Additions Incubation time 

DPN TPN 

min c.p.m. per wmole c.p.m. per umole 
DPN 0 142 146 
30 125 143 
60 90 153 
TPN 0 139 127 
30 141 126 
60 136 135 
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release of DPN from the mitochondria when there is no DPN 
outside the mitochondria with which it can exchange. Further 
work is required to confirm this. The results in Table VI show 
that DPN is incorporated into mitochondria at a slow but meas- 
urable rate, whereas TPN is either incorporated too slowly to 
be measured by the present method, or not at all. This confirms 
the results obtained by measuring the incorporation of radio- 
active DPN and TPN into unlabeled mitochondria. 


DISCUSSION 


The whole animal experiments show that there is no’ rapid 
equilibration between intra- and extramitochondrial pyridine 
nucleotides. The rates at which intramitochondrial pyridine 
nucleotides are replaced by extramitochondrial pyridine nucleo- 
tides are about 62% and 35% per hour for di- and triphospho- 
pyridine nucleotides, respectively (Fig. 1). An attempt will 
now be made to relate these rates of transfer of pyridine nucleo- 
tides across the mitochondrial membrane with the rate of the 
oxidative metabolism of the whole tissue. The Qo, of whole 
rat liver is —12. The dry weight of liver mitochondria repre- 
sents 12% of the dry weight of whole liver (18). The Qo, of 
mitochondria in vivo is, therefore, — 100, since virtually all of the 
oxygen uptake of the tissue occurs in the mitochondria. It 
must be stressed that the figure represents a value in vivo, be- 
cause higher values than —100 can be achieved with certain 
substrates in vitro (19). If we assume that 75% of the mito- 
chondrial dry weight is protein, then the respiratory rate of 
mitochondria in vivo is —133 ul of O2 per mg of protein per hour. 
The amount of diphosphopyridine nucleotides incorporated into 
the mitochondria in vivo is 2.57 mumoles per mg of protein per 
hour. This is equivalent to 2.57 x 11.2/1000 = 0.0288 yl of 
Oz per mg of protein per hour. The mitochondrial rate of res- 
piration in vivo is 133/0.0288 = 4620 times faster than this. 
During the oxidation by the liver of a typical substrate such as 
lactate, one-fifth of the hydrogen that is oxidized to water is re- 
moved in the form of extramitochondrial DPNH. The amount 
of DPNH hydrogen which must be transferred into the mito- 
chondria is, therefore, equivalent to 1383/5 = 26.6 wl of O2 per 
mg of mitochondrial protein. This is still 26.6/0.0288 = 890 
times faster than the rate at which diphosphopyridine nucleo- 
tides are transferred into the mitochondria. It is concluded 
that the rate at which pyridine nucleotides are transferred across 
the mitochondrial membrane is completely inadequate to account 
for the respiratory rate of the tissue. Mechanisms involving 
hydrogen transfer other than by the transfer of pyridine nucleo- 
tides must be involved in the oxidation of extramitochondrial 
DPNH. 

The rate at which DPN is incorporated into mitochondria in 
vitro is proportional to the time (Fig. 2), the mitochondrial con- 
centration (Fig. 3), and the DPN concentration (Fig. 4). The 
intracellular concentration of DPN is about 495 mm, if it is 
assumed that 10% of the cellular space consists of solids (16, 17). 
The rate at which DPN is incorporated into mitochondria in 
vitro, when the extramitochondrial DPN concentration is 495 
mM, is 13.8 mumoles of DPN per 10 mg of mitochondrial protein 
per45 min. Mitochondria equivalent to 10 mg of protein contain 
41.5 mumoles of diphosphopyridine nucleotides. The amount 
of intramitochondrial diphosphopyridine nucleotides replaced by 
extramitochondrial DPN, therefore, corresponds to 100 x 60 x 
13.8/45 X 41.5 = 44.3% per hour. The rate of incorporation 
of DPNH is not known, but the results obtained suggest that it 
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is considerably less than the rate of incorporation of DPN. Sup- 
pose that the rate of incorporation of DPNH is the same as that 
of DPN. The intracellular concentration of DPNH is about 
142 mm. If we assume that the incorporation of DPNH into 
mitochondria is proportional to time, mitochondrial concentra- 
tion, and DPNH concentration, then the rate at which DPNH 
would be incorporated into mitochondria in vitro when the extra- 
mitochondrial DPNH concentration is 142 mm is (60 X 13.8 x 
142)/(45 X 495) = 5.3 mumoles of DPNH per 10 mg of protein 
per hour. The amount of intramitochondrial diphosphopyridine 
nucleotides replaced by extramitochondrial DPNH is, therefore, 
no greater than 12.8% perhour. The sum of these values in vitro 
is 44.3 + 12.8 = 57% per hour at 25°. The value in vivo (Fig. 1) 
is 62% of the intramitochondrial DPN + DPNH replaced by 
extramitochondrial DPN + DPNH per hour at 38°. A direct 
comparison of these values requires knowledge of the temperature 
coefficient of the rate of incorporation. Although this is not 
available at present, the rate observed in vitro is adequate to ac- 
count for the rate observed in vivo. 

The intracellular concentration of TPN is about 32 mm. If 
it is assumed that the rate of incorporation of TPN into mito- 
chondria in vitro is proportional to the time, mitochondrial con- 
centration, and TPN concentration, then it can be calculated 
from the results shown in Table II that the amount of TPN in- 
corporated into mitochondria in vitro when the extramitochon- 
drial TPN concentration is 32 mm is 0.06 mumoles of TPN per 
10 mg of mitochondrial protein per hour. Mitochondria equiva- 
lent to 10 mg of protein contain 50.7 mumoles of triphospho- 
pyridine nucleotides. The amount of intramitochondrial tri- 
phosphopyridine nucleotides replaced by extramitochondrial 
TPN, therefore, corresponds to 0.12% per hour. This figure is 
much slower than the rate of incorporation of TPN into mito- 
chondrial triphosphopyridine nucleotides observed in vivo (Fig. 
1), which amounts to 35% per hour. The observed rate of 
labeling of mitochondrial triphosphopyridine nucleotides in vivo 
can best be accounted for by the incorporation of TPNH. The 
rate of incorporation of TPNH into mitochondria in vitro is 
proportional to the time. It must be stressed, however, that 
greater individual variation was found with the incorporation of 
TPNH-C* than was the case with the incorporation of DPN-C™. 
The data shown in Table IV represent the highest rates of incor- 
poration obtained by us in a number of experiments. The intra- 
cellular concentration of TPNH is about 324 mm. The data in 
Table IV show an average incorporation into the mitochondria of 
1.8 mumoles of TPNH per 35 minutes when the extramitochon- 
drial concentration of TPNH is 225 mm. For an intracellular 
TPNH concentration of 324 mm, this corresponds to 4.4 mumoles 
of TPNH per 10 mg of protein per hour. The amount of intra- 
mitochondrial triphosphopyridine nucleotides replaced by extra- 
mitochondrial TPNH, therefore, corresponds to 100 x 4.4/ 
50.7 = 8.7% per hour at 25°. The corresponding value in vivo 
(Fig. 1) is 35% of the intramitochondrial TPN + TPNH re- 
placed by extramitochondrial TPN + TPNH per hour at 38°. 
Although the temperature coefficient of the rate of incorporation 
of TPNH is not known, the rate observed in vitro at 25° is of the 
correct order to account for the rate observed in vivo at 38°. 
These results suggest that DPN and TPNH are the compounds 
responsible for the incorporation of pyridine nucleotides into 
mitochondria in vivo. It is noteworthy that these are the two 
pyridine nucleotides which occur in the highest extramitochon- 
drial concentrations. 


The labeling experiments in vivo show that both mitochondria] 
di- and triphosphopyridine nucleotides become labeled (Fig. 1), 
After incubation of mitochondria with DPN-C* in vitro, only 
the mitochondrial diphosphopyridine nucleotides are found to 
have become labeled, and no label can be detected in the triphos. 
phopyridine nucleotides (Fig. 6). This rules out that a mito. 
chondrial DPN kinase is involved in the formation of labeled 
mitochondrial triphosphopyridine nucleotides in vivo, and indi- 
cates that triphosphopyridine nucleotides enter the mitochondria 
as such. The lack of labeling of TPN in the experiment shown 
in Fig. 6 also shows the absence of the exchange reaction of nico- 
tinamide with DPN and TPN which is catalyzed by DPNase. 
The rates of incorporation into mitochondria of nicotinamide 
and nicotinic acid in vitro are too slow to account for the rates of 
incorporation of DPN and TPNH in vitro (Table V)._ The small 
amounts of nicotinamide and nicotinic acid incorporated into the 
mitochondria made it unprofitable to analyze the nature of the 
radioactive compounds in the mitochondria. The loss of pyri- 
dine nucleotides from mitochondria during their incubation under 
conditions of oxidative phosphorylation is shown in Fig. 2, and 
also in Tables II and IV. During the first 40 minutes of incuba- 
tion at 25°, the mitochondria lose pyridine nucleotides slowly, 
but, after approximately 60 minutes, a rapid loss of pyridine 
nucleotides from the mitochondria ensues. This is accompanied 
by an equivalent rise of extramitochondrial pyridine nucleotides, 
provided that nicotinamide is present in the incubating medium. 
Protein also begins to appear in the supernatant after about 60 
minutes. The latter indicates that mitochondria have begun to 
disintegrate. Fig. 2a also shows the DPN-C" incorporation cor- 
rected for loss of pyridine nucleotides. If the labeled and un- 
labeled pyridine nucleotides were lost from the mitochondria 
at the same percentage rate, then the curve corrected for py- 
ridine nucleotide loss should not decline as it does in Fig. 2a. 
That it does decline when the mitochondria are lysing indi- 
cates that the newly labeled pyridine nucleotide is lost more 
readily than the unlabeled pyridine nucleotide. This sug- 


gests the existence in the mitochondria of more than one com- | 
partment containing pyridine nucleotides. Losses of pyridine 


nucleotides on incubating mitochondria have also been described 
by Birt and Bartley (20). However, these authors’ zero time 
values for the pyridine nucleotide content of mitochondria were 
considerably lower than those reported here. This was presum- 
ably due to the rapid loss of pyridine nucleotide observed by Birt 
and Bartley before the washing of their mitochondria was com- 
plete. Such losses were not observed by us. The loss of pyri- 
dine nucleotides from mitochondria in 0.25 m sucrose and 0.02 
phosphate has also been studied by Kaufman and Kaplan (21), 
who showed that the loss of pyridine nucleotides was diminished 
by various substrates, of which succinate was the most effective. 
We have observed that the stability of liver mitochondria is not 
markedly affected by the presence of DPN, but that the mito- 
chondria become damaged more quickly and begin to lose their 
pyridine nucleotides in the presence of TPNH, and faster still 
in the presence of DPNH. 


SUMMARY 
1. The rates at which pyridine nucleotides enter and leave the 
mitochondria of rat liver have been studied with the aid of radio- 
active tracers. Diphosphopyridine nucleotide (DPN) and re- 
duced diphosphopyridine nucleotide (DPNH) are transferred 
across the mitochondrial membrane in vivo at rates which lead 
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to a 62% replacement of mitochondrial DPN in about | hour. 
Triphosphopyridine nucleotide (TPN) and reduced triphospho- 
pyridine nucleotide (TPNH) are transferred across the mito- 
chondrial membrane in vivo at rates which lead to a 35% re- 
placement of mitochondrial TPN in about 1 hour. 

2. Experiments in vitro show that DPN and TPNH, and not 
DPNH and TPN, are responsible for the greater part of the re- 
placement of intra- by extramitochondrial pyridine nucleotides. 
[Intramitochondrial DPN is not converted to intramitochondrial 
TPN. 

3. The results demonstrate that the rates at which pyridine 
nucleotides are transferred across the mitochondrial membrane 
are inadequate to account for the respiratory rate of the tissue. 


Acknowledgments—We are grateful to Miss Sandra Smith and 
Mr. H. deKlerk for technical assistance. 
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In a previous paper (1) it was shown that discrimination 
against strontium as compared to calcium, in the formation of 
synthetic hydroxyapatite, Caio(POs)s(OH)2, was greater in 
large, more slowly grown crystals than in small, more rapidly 
precipitated crystals. The exclusion of strontium as compared 
to calcium in the hydroxyapatite crystals increases as the prepa- 
ration conditions approach equifibrium. Since the mineral por- 
tions of some calcified tissues differ in crystal size (2, 3), an ex- 
periment was designed to test whether crystal size and strain as 
related to rate of crystal growth affects the relative incorpora- 
tion of Sr®* and Ca*® in vivo. 


EXPERIMENTAL PROCEDURE 


One hundred female Sprague-Dawley rats, age 25 days, were 
divided equally into ten groups and treated by intraperitoneal 
injection of 0.5 ml of a solution containing trace amounts of 
Ca** and carrier-free Sr**, plus 0.05 mg of calcium. At-the énd 
of 1 hour the rats were killed and the lower incisor and third 
molar teeth were extracted. One tibia was removed from two 
animals in each group. Thirteen additional rats were treated 
by injection as above and approximately 1.0 ml of blood was 
obtained from each after 1 hour by cardiac aspiration. The 
plasma was analyzed for Sr** and Ca** as described elsewhere (4). 

The bone and dentin samples were weighed after drying at 
105° and after incineration for 1 hour at 600°. The ash of each 
and the unashed enamel samples were dissolved in a slight ex- 
cess of hydrochloric acid and analyzed for Sr8* and Ca*® by 
methods previously described (4). The very small sample 
weights of enamel were obtained by an indirect method to avoid 
loss in transfer during weighing. Aliquots of the solutions of 
dissolved enamel were analyzed for phosphorus (5) and the 
weight of sample was calculated assuming 17.4% to be the phos- 
phorus content of the solid (6). 

X-ray diffraction line broadening studies were performed on 
the 002 reflections of the unashed apatite powder patterns ob- 
tained from each of the specimens. For the purposes of line 
broadening analysis the 002 maximum was regarded as a pure 
reflection even though the 201 reflection is not completely re- 
solved from it with the technique employed. This procedure is 
valid because the intensity of the 002 reflection is at least 100 
times greater than the 201 as calculated from the atomic param- 
eters of hydroxyapatite (7). 


* This investigation was supported in part by Research Grant 
D-572, United States Public Health Service, to one of us (A.S. P.). 


The x-ray data were collected on a Geiger counter diffractom- 
eter with nickel-filtered K-alpha copper radiation. The diffrac. 
tometer was programmed to move in steps of 0.01° 2 6 every 200 
seconds, in which time a minimum of 4000 counts was received 
by the detector system. The total counts for each 0.01° 2 4 
step were recorded on tape by a digital printer activated by the 
scaling circuits of the detector. The width at half-maximum 
for the 002 reflection was measured from a plot of the x-ray in- 
tensities against angle 2 6 after making a correction for back- 
ground. The width at half-maximum was then corrected for 
instrument broadening by the method of Warren (8) and the 
corrected width designated as B. 

The corrected width at half-maximum, 8, contains the broad- 
ening due to small crystal size and the broadening due to strain 
or crystal imperfection. For the purpose of this study the 
value of 8 is used as a measure of general crystallinity with no 
attempt to separate the size and strain contributions. 


RESULTS AND DISCUSSION 


At the end of 1 hour each milliliter of plasma contained 0.50 
+ 0.03 % of the injected Sr®* and 0.52 + 0.03 % of the injected 
Ca**; the Sr8*: Ca*® ratio was 0.96 + 0.02. 

Table I shows that the discrimination against Sr increased 
with a decrease in x-ray diffraction line broadening. It is rea- 
sonable to assume that a slower growth rate produces larger, 
more perfect crystals (1). Since line broadening is related to 
crystal size and perfection, these results argue that the rate of 
crystal growth affects the relative inclusion of Sr and Ca in 
mineralized tissues. This relationship is better seen in Fig. | 
where the Sr®*:Ca‘® ratios in the different tissues are plotted 
against the x-ray line broadening values. 

It is recognized that the radioisotope uptake is the result of 
both incorporation in newly formed crystals and surface ex- 
change on existing crystals. 
each of these processes cannot be stated with certainty there 
can be little doubt that new crystal formation and not surface 
exchange is primarily responsible for the differential uptake of 
Srand Ca. This conclusion is apparent from the lack of correla- 
tion between radiocalcium uptake and specific surface as ob- 
tained from the x-ray diffraction results.'. In addition, were 


1 Ignoring strain, an estimate of the average crystal size, in the 
c-axis direction, for each sample can be obtained from the @ values 


4 
af eB. where \ = 1.54 A and 


as follows: Size in microns = "B(°2 6) cos 0 
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TaBLe I 
Comparison of x-ray diffraction line broadening and uptake of Sr*®* and Ca‘® by rat enamel, dentin, and bone 
Sample Sr89 Cats Sr89; Cats? gb 
% of dose/mg of ash* 

EM IMEOI  o) 0)8 revs ss'uchnn-sesoieet Saale a 0.156 + 0.0089 0.164 + 0.0087 0.95 + 0.009 0.553 
BENE 0.600: Fo. sine a siagrsmmagen = paicina 0.053 + 0.0021 0.053 + 0.0022 1.00 + 0.018 0.467 
ee ere ee 0.062 + 0.0016 0.067 + 0.0017 0.93 + 0.010 0.416 
MINN 6. 22.5 50k sXe pieneblncidend 0.050 + 0.0039 0.060 + 0.0051 0.84 + 0.012 0.333 
OMNES 0p r58.5 s.c4s a cide daw a emioboee 0.034 + 0.0070 0.045 + 0.0072 0.76 + 0.022 0.186 
RI 555 2 5 o:s.2crktswd gene eeactoum 0.022 + 0.0060 0.029 + 0.0083 0.76 + 0.025 f 








«Mean + standard error for each sample calculated from the individual ratios. 
>The width of the 002 x-ray diffraction reflection at half-maximum corrected for instrument broadening, expressed in degrees 2 0. 


Error estimated to be +5%. 


¢Mean + standard error for one tibia from each of 20 rats; dentin and enamel values based on ten pools of ten rats each; weight 


of each enamel ash calculated from the P content (see text). 
é Proximal third of lower incisor. 
¢ Third molar. 
f Insufficient sample for x-ray analysis. 
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X-RAY LINE BROADENING, £ (°26) 
Fig. 1. A plot of the Sr®:Ca*® ratios against the corresponding values for the width at half-maximum, 8, of the 002 X-ray diffrac- 


tion peaks of a series of calcified tissues. 
cisor dentin, tibia shaft, and tibia end. 


surface exchange the major factor in determining the discrimina- 
tion against Sr as compared to Ca, one would expect the samples 
with the highest surface areas (i.e. largest 6 values) to have the 
lowest Sr®*:Ca‘® ratio, and vice versa. Table I, again, shows 
that this is not the case. 

These results are in accord with previous studies in which the 
final compositions of a series of synthetic hydroxyapatites were 
found to be related to the degree of crystal perfection (1). Syn- 
thetic hydroxyapatite crystals which gave essentially the same 
degree of x-ray diffraction line broadening as bone also showed 
little or no evidence of discrimination between Sr and Ca. 
Those preparations giving x-ray diffraction lines sharper than 
§= 26.0°26. Since it is reasonable to assume that apatite crystals 
of the hard tissues studied are similar in shape, their specific sur- 
faces are proportional to average crystal size. For example, the 
specific surface (in m? per g) values for a cubic shape are: tibia end, 


121.8; tibia shaft, 102.9; incisor dentin, 91.6; molar dentin, 73.4; 
and molar enamel, 41.0. 





In order of ascending 8 value the points correspond to: molar enamel, molar dentin, in- 


those of bone showed a discrimination against Sr during pre- 
cipitation which increased with crystal perfection. 

On the basis of x-ray line broadening alone one could expect a 
higher Sr**:Ca*® ratio in the tibia ends. However, factors other 
than crystal growth rate may affect the comparative retention 
of these ions. The exchange release of Sr relative to Ca from 
the ends of the tibia has been shown to be greater than from the 
shaft (4), probably as a result of their different metabolic ac- 
tivity. Indeed, the 1-hour experimental period was chosen to 
minimize the contribution of this effect on the Sr®*:Ca** ratios. 
However, differences due to metabolic activity in exchangeable 
loss of Sr and Ca cannot account for the comparative discrimina- 
tion against Sr in dentin and enamel. This conclusion is appar- 
ent from the fact that the lowest Sr®*:Ca** ratios were found in 
dentin and enamel where metabolic activity was minimal as 
shown by their radiocalcium uptake (Table I). In addition, a 
threefold difference in radiocalcium uptake between the ends 
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and shaft of the tibia can be related only to a maximal change of 
5% of the Sr’*:Ca‘* ratio. It would appear, then, that crystal 
perfection is principally responsible for the comparative dis- 
crimination between Sr and Ca observed in all the tissues. 


SUMMARY 


The deposition of injected Sr’* and Ca*® was compared in 
several different calcified tissues of the rat. The results showed 
that discrimination against strontium relative to calcium in- 
creased with an increase in crystallinity as determined by x-ray 
diffraction line broadening analysis. A range in size or per- 
ection in the crystal texture, or both, of different calcified tis- 
ues was demonstrated. 


Crystal Growth and Fixation of Sr®° and Ca*® 


Vol. 236, No. 10 
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Tillett and Garner (1) discovered that an extracellular protein 
elaborated by certain strains of streptococci produces the lysis 
of clots which contain human fibrinogen or thrombin. Milstone 
demonstrated that the bacterial product was not in itself fibrino- 
lytic but interacted with a lytic material in human plasma (2). 
The situation was greatly clarified and a rational nomenclature 
introduced by Christensen (3), who showed that the bacterial 
protein, streptokinase, activated the lytic precursor, plasmino- 
gen, to a proteolytic enzyme, plasmin. 

The concept that streptokinase acts directly on plasminogen 
to catalyze its conversion to plasmin has given way to the theory 
that this conversion is a two-step reaction. Streptokinase, 
which exhibits little activity in any species other than the human, 
first reacts stoichiometrically with a precursor in human plasma 
to form a plasminogen activator which then enzymatically 
causes the transformation of plasminogen to plasmin in virtually 
all species (4-6). The nature of the precursor has been a matter 

, of considerable controversy. Because of its inseparability from 
human plasminogen under a variety of conditions, the precursor 
has been claimed to be plasminogen itself (7-9). Other investi- 
gators, to avoid assigning two distinct functions to the same 
plasminogen molecule, have proposed that the precursor is a 
unique protein which they called “proactivator” (5). The evi- 
dence in this controversy has been recently reviewed (10). 

Methods for the measurement of proactivator and activator 
activities have depended on the estimation of plasmin evolved 
from bovine plasminogen. The production of plasmin to meas- 
ure these activities involves serious limitations since preformed 
plasmin or the presence of plasmin inhibitors interferes. In this 
communication, assays are proposed for the quantitative estima- 
tion of proactivator, activator, plasminogen, and plasmin in the 
presence of each other, based on the hydrolysis of lysine methy] 
ester. Both plasmin and the activator hydrolyze lysine methy] 
ester, but evidence will be presented indicating that only the 
former is inhibited by soybean trypsin inhibitor. The residual 
activity, therefore, is a measure of the activator. Conditions 
for the lysine methy] ester assay of plasminogen and of the pre- 
) cursor of the activator have also been defined. 

Since the various activities can be estimated in the presence 
of each other, it was possible to study the interconversion of 
components of the streptokinase-induced fibrinolytic system. 
The findings strongly point to plasmin as a precursor which re- 


* A preliminary report of this work was presented at the Con- 
} ference on Thrombolytic Activity and Related Phenomena at 
Princeton, New Jersey, September 18 to 21, 1960. 


‘ t Assisted by Grant G-7496 from the National Science Founda- 
ion. 





acts with streptokinase to form a plasminogen activator. The 
possibility that a plasminogen-streptokinase complex may also 
have activator activity cannot be excluded at this time although 
tests have given negative results. These results also do not 
exclude the possibility that other proactivators may exist in 
human blood. 


EXPERIMENTAL PROCEDURE 

Plasminogen was prepared from human Fraction III by a 
previously published method (11). The Fraction III was ob- 
tained from E. R. Squibb and Sons through the courtesy of the 
American National Red Cross. Activator solutions were pre- 
pared by the addition of 5000 units of streptokinase to each 
milligram of plasminogen and subsequent alcohol fractionation 
(12). These solutions also contained plasmin (7). Plasmin 
solutions were prepared by salt fractionation after the activation 
of purified plasminogen with small amounts of streptokinase. 
Tests for activator or streptokinase activities were negative with 
casein, LME,} and fibrin plate substrates (13). 

Lysine methyl ester dihydrochloric acid was obtained from the 
Mann Research Laboratories, Inc. Streptokinase (Varidase; 
Lederle Laboratories) was generously supplied by Dr. E. C. 
deRenzo. Soybean trypsin inhibitor, “antitrypsin soy,” Parke, 
Davis and Company, was employed. 

The hydrolysis of LME was followed by the procedure of 
Hagan, Ablondi and Hutchings (14). Incubation time was 
shortened to 30 minutes. Casein was purified by the method of 
Mullertz (15). The procedure used for caseinolytic assay was a 
modification of that of Remmert and Cohen (16). The solution 
to be measured plus activator or inhibitor was made up to 3 ml 
with 0.1 m phosphate buffer, pH 7.4. Three milliliters of 3% 
casein in phosphate buffer were added and the reaction mixture 
was incubated for 1 hour at 37°; 2 ml of the incubated mixture 
were then added to 3 ml of 11.5% trichloroacetic acid and the 
precipitate was agglomerated by incubation at 37° for 30 minutes. 
The supernatant solution, containing trichloroacetic acid-soluble 
material, was obtained by centrifugation followed by filtration 
through a small plug of glass wool. Absorption at 280 my was 
read in a Beckman model DU spectrophotometer, and the results 
were expressed as caseinolytic units by reference to a standard 
tyrosine curve. Each unit represents the liberation of 450 ug of 
tyrosine equivalents per hour. 


RESULTS 


Validity of Lysine Esterase Assay—As a prerequisite to the 
utilization of LME hydrolysis in the estimation of activator and 


1 The abbreviation used is: LME, lysine methyl ester. 
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Fig. 1. LME hydrolysis by plasmin and activator showing soy- 
bean trypsin inhibitor, SBTJ,.inhibition of plasmin activity. 
Top curve, plasmin plus activator; bottom curve, plasmin. Activa- 
tor solution (see ‘‘Experimental Procedure’’) contained plasmin 
as well as activator. The volume which produced an optical 
density of 0.4 in the LME assay was determined and residual 
LME activity was measured in the presence of the amounts of 
soybean trypsin inhibitor shown. Plasmin (see ‘Experimental 
Procedure’’) was measured similarly. 
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Fig. 2. The inhibition of LME hydrolysis by soybean trypsin 
inhibitor, SBTJ, in solution made by the addition of 25,000, 
10,000, and 5,000 units of streptokinase per mg of plasminogen. 
Residual LME activity represents activator activity and corre- 
lates with the amount of streptokinase used. The volume of 
activator solution to produce an optical density of from 0.3 to 
0.4 in the LME assay was determined and residual LME activity 
was measured in the presence of the amounts of soybean trypsin 
inhibitor shown. 





plasmin activities, it was necessary to show that soybean trypsin 
inhibitor specifically inhibits plasmin without affecting activator 
activity. Solutions of activator plus plasmin were compared 
with solutions of plasmin alone, after the addition of increasing 
concentrations of inhibitor. As the inhibitor concentration in- 


creased, the values obtained in casein assays decreased, indicating 
that plasmin was being inhibited. LME splitting by the act). 
vator-free solution was completely inhibited, but the curve of the 
activator-rich solution reached a plateau (Fig. 1), supporting the 
idea that soybean trypsin inhibitor inhibits plasmin but does not 
block LME hydrolysis by the activator. The plateau portion of 
the curve shows that a 5-fold increase in inhibitor concentration 
did not diminish the hydrolysis of LME by the activator. The 
presence of soybean trypsin inhibitor does not interfere in fibrin 
plate assays. In such tests, curves similar to those found ip 
LME assays were obtained. 

Activator solutions of different strengths were prepared by the 
addition of increasing amounts of streptokinase to a fixed volume 
of precursor solution. The assay of activator (LME hydrolysis) 
was carried out in the presence of varying amounts of soybean 
trypsin inhibitor. The residual activity after the plateaus were 
reached, presumably indicating activator activity, reflected the 
amount of streptokinase added, and, therefore, the amount of 
activator formed (Fig. 2). When a standard curve was run 
with increasing concentrations of a single activator solution, a 
straight line was obtained (Fig. 3). 

The precursor of the activator may also be measured by LME 
hydrolysis in the presence of soybean trypsin inhibitor provided 
that the amount of streptokinase used is properly controlled. 
The measurement of this activity is complicated by the fact that 
two products are formed when streptokinase is added to a human 
euglobulin or purified plasminogen preparation: plasmin and the 
activator. The amount of each produced depends on the ratio 
of streptokinase to precursor (see Fig. 3). To standardize the 
relative amounts of activator and plasmin formed, the plasmino- 
gen content of the unknown solution was first determined in 
casein assays. Even if the proactivator is not plasminogen, the 
ratio of these two activities has been shown to be identical in 
unpurified and highly purified preparations (17). With a fixed 
ratio of streptokinase to precursor, 2000 streptokinase units per 
casein unit, a standard curve was established by measurement of 
LME hydrolysis in the presence of soybean trypsin inhibitor 
(Fig. 4). Twice the quantity of inhibitor necessary to produce 
complete plasmin inhibition was used. 
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Fic. 3. Standard activator curve. LME hydrolysis in the pres- 
ence of 1 mg of soybean trypsin inhibitor. An optical density of 
0.4 in the LME assay was produced by 0.4 ml of activator solu- 
tion; 0.5 mg. of soybean trypsin inhibitor completely inhibited 
the plasmin in this solution. Twice this amount, 1 mg of soybean 
trypsin inhibitor per assay, was used. 
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This arbitrarily selected ratio of streptokinase to precursor did 
jot produce maximal activator formation. If this procedure 


to precursor ratios, proactivator values would not be comparable. 
Accordingly, the curve obtained when the ratio of streptokinase 
to precursor was increased up to 20,000 streptokinase units per 
casein unit (equal approximately to 200,000 streptokinase units 
yer mg of purified plasminogen) was determined (Fig. 5). With 
two different preparations, above a ratio of 8,000, a straight line 
was obtained, and the values with and without soybean trypsin 
inhibitor were virtually the same; this shows the almost complete 
absence of plasmin activity under these conditions. It is ap- 
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be estimated by LME hydrolysis after the addition of 10,000 
streptokinase units per casein unit without the addition of in- 
hibitor. Use of the inhibitor is recommended whenever the 
presence of significant quantities of preformed plasmin is sus- 
pected. Lima bean trypsin inhibitor gave results similar to 
those obtained with the soybean inhibitor but pancreatic trypsin 
inhibitor (a gift from Dr. Jean Dormont, Centre National de 
Transfusion Sanguine, Paris) showed a much stronger affinity 
for plasmin and, at higher concentrations, inhibited the activator 
also. 

The possibility that soybean trypsin inhibitor acts upon 
streptokinase as well as upon plasmin, blocking the appearance 
of activator until the concentration of streptokinase overwhelms 
this inhibition, was investigated and ruled out. An increase in 
inhibitor to 20 times the concentration used in these experiments 
did not alter the results appreciably. 

A rigorous check of the validity of the LME assays is offered 
by a comparison of activator and plasmin activities obtained by 
means of LME analysis with independent measurements of 
activator by clot lysis and of plasmin by casein hydrolysis. 

The activator curve obtained from LME hydrolysis in the 
presence of soybean trypsin inhibitor was compared with a curve 
obtained according to the excellent activator assay of Lassen (18) 
which is based on clot lysis. In Fig. 6, the values from clot lysis 
measurements (open circles), obtained with the use of 40 to 20,000 
streptokinase units per casein unit, are superimposed on the 
LME curve. The agreement was highly satisfactory. 

Fig. 7 shows a comparison of plasmin curves obtained with 
casein assays and the LME assay over the range of streptokinase 
concentrations from 40 to 20,000 units per casein unit. The 
observation of Markus and Ambrus (19) that tosylarginine 
methyl esterase activity develops more slowly than caseinolytic 
activity led us to incubate the activated solutions for 10 minutes 
at 37° before assay. The rising and plateau portions of the 
curves coincided; this shows that within the range of strepto- 
kinase concentrations usually used, the LME method agreed 
with the standard caseinolytic assay. At high streptokinase 
levels, caseinolytic activity decreased but still persisted, whereas 
the inhibitable LME activity (plasmin) fell to zero. Norman 
(9), using casein assays, also has demonstrated a decrease in 
plasmin at high streptokinase levels. 

It seemed possible that the caseinolytic activity observed at 
high streptokinase levels was not the result of plasmin activity 
but was due to proteolytic activity of the activator (20). Two 
types of experiments indicate that this surmise is correct; (a) 
soybean trypsin inhibitor did not inhibit this activity, and (6) 
casein hydrolysis was measured at ratios of streptokinase to 
precursor from 40 to 20,000 streptokinase units per casein unit 
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Fic. 4. Standard proactivator curve. LME hydrolysis in the 
presence of soybean trypsin inhibitor after the addition of 2,000 
streptokinase units per casein unit. The precursor solution con- 
tained 2 mg of protein and 25 casein units per ml. 
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Fic. 5. Development of total activator activity at high strepto- 
kinase, SK, levels. Two solutions of plasminogen containing 
2.5 and 5 casein units per assay were used. LME hydrolysis in 
the presence of 1 mg of soybean trypsin inhibitor per assay was 
measured. Activator in both experiments reached a maximum 
at 8000 streptokinase units per casein unit. 
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Fic. 6. Comparison of LME activator curve (X—X) with clot 
lysis method. Circles represent values from clot system. SK, 
streptokinase. 
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Fic. 7. Comparison of LME plasmin curve (K—X) with casein 
plasmin assay (@—@). LME plasmin curve obtained by differ- 
ence between values with and without soybean trypsin inhibitor. 
Residual casein hydrolysis at high streptokinase, SK, levels repre- 
sents proteolytic activity of the streptokinase activator. 
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Fic. 8. Hydrolysis by plasminogen activator of casein in the 
presence of soybean trypsin inhibitor. Increasing amounts of 
streptokinase, SK, were added to 1.5 casein units of plasminogen 
solution. Note the similarity of this curve to the activator curve 
in Fig. 6 obtained by LME hydrolysis and by clot lysis. 


in the presence of inhibitor (Fig. 8). The curve obtained is 
similar to that which had been found for activator activity in the 
LME and clot lysis assays (Fig. 6). 


Evidence That Human Plasmin Has Proactivator Potential 

Formation of Activator Instead of Plasmin with Increasing 
Streptokinase—The addition of streptokinase to plasminogen re- 
sults in the appearance of both plasmin and plasminogen acti- 
vator (6). The relative amounts of each, formed as increasing 
amounts of streptokinase were added to a fixed amount of plas- 
minogen, were measured. In a series of tubes, streptokinase 
was added to portions of the plasminogen solution to obtain 
increasing ratios from 40 to 20,000 streptokinase units per casein 
unit. The amounts of plasmin and activator formed were meas- 
ured by LME hydrolysis in the presence and absence of soybean 
trypsin inhibitor (Fig. 9). Total LME hydrolysis, indicating 
plasmin plus activator activities, rose until a ratio of 750 was 
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attained and then remained at a nearly constant level. 
vator formation measured by LME activity in the presence of 
inhibitor, remained low until the ratio reached 100. The curve 
then rose, reaching a maximum at 8000. Plasmin activity, the 
difference between these curves, rose and then fell to zero, g 
plateau being evident between 75 and 1000 streptokinase units 
per casein unit. At the highest streptokinase levels, little or no 
plasmin activity was found. The rise in activator formation at 
high streptokinase levels was accompanied by a mirror-image 
fall in plasmin, strongly suggesting that streptokinase had com. 
bined directly with plasminogen to form the activator or that 


Acti- | 


plasminogen was first activated to plasmin and formation of the | 


activator followed. 

Formation of Plasminogen Activator from Plasmin—Plasmin 
solutions were prepared by the addition of small amounts of 
streptokinase (100 units per casein unit) to purified plasminogen, 
Tests for unreacted plasminogen in these solutions were negative. 
The amount of activator produced was minute (see Fig. 6). The 
solutions were then incubated at 37° to produce gradual inactiva- 
tion of the plasmin. At zero time and at intervals during the 
next 90 minutes, four portions were removed. Two were used 
in the assay for plasmin by measurement of LME hydrolysis in 
the presence and absence of soybean trypsin inhibitor, the differ- 
ence representing plasmin, and the other two samples were 
treated with 10,000 streptokinase units per casein unit to convert 
all proactivator present to activator which was estimated by 
LME hydrolysis in the presence and absence of inhibitor. Upon 
the addition of large amounts of streptokinase, plasmin activity 
disappeared and activator activity appeared in its place (Fig. 
10). The inactivation curve of plasmin paralleled the decrease 
in proactivator activity. Since glycerol stabilizes plasmin (21), 


the experiment was repeated in the presence of 50% glycerol | 


(Fig. 10). Plasmin activity remained relatively stable during 
the 90 minutes of observation, and the addition of streptokinase 
to portions of the solution showed that proactivator activity had 
also remained near the starting level. 

Formation of Plasmin from Plasminogen Activator—The con- 
version of activator to plasmin by acid destruction of the strepto- 
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Fic. 9. The effect upon LME hydrolysis of adding increasing 
amounts of streptokinase, SK, to a fixed quantity of plasmino- 
gen. Total LME hydrolysis (@—@) represents plasmin plus 
activator activity. LME hydrolysis in the presence of soybean 
trypsin inhibitor (X—X) measures activator activity, and the 
calculated difference between these curves (O---— O) is plasmin 
activity. Note the appearance of activator activity instead of 
plasmin at high streptokinase levels. 
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kinase portion of the activator molecule has been suggested by 
Jylber, Blatt, and Jensen (22). In our experiments, activator 
was prepared by the addition of 10,000 units of streptokinase per 
casein unit of precursor. Upon acidification to pH 2 for 15 
minutes and reneutralization, casein and LME assays showed 
that activator activity had decreased and plasmin activity had 
increased (Table I). Recovery of plasmin from activator was 
not complete because of acid destruction of plasmin itself and 
failure of this treatment to inactivate the activator completely 
23). 

Proactivator Levels in Glycerol-activated Plasminogen Solutions— 
In the presence of glycerol, plasminogen is slowly converted to 
plasmin (21). Solutions containing plasminogen and glycerol 
were incubated at 37° for 5 days. Samples were analyzed daily 
for preformed plasmin, plasminogen, and proactivator by LME 
hydrolysis in the presence and absence of soybean trypsin in- 
hibitor. Small amounts of streptokinase were added to deter- 
mine plasminogen plus plasmin and large additions of strepto- 
kinase were used to measure the amount of precursor available 
to form the activator. Plasminogen disappeared and was no 
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MINUTES 
Fic. 10. The conversion of plasmin (@—@) to activator 
(@---@) by the addition of 10,000 streptokinase units per 
casein unit. Top curves, plasmin incubated at 37° in 50% glyc- 
erol; bottom curves, plasmin in buffer at 37°. Activities measured 
by LME hydrolysis with and without soybean trypsin inhibitor. 


TaBLeE I 
Appearance of plasmin after acidification of activator 

Activator: Hydrolysis of LME or casein in presence of soybean 
trypsin inhibitor. 

Plasmin: LME or casein hydrolysis which was inhibited by 
soybean trypsin inhibitor. For LME assays, optical density at 
660 mu; for casein assays, absorption of trichloroacetic acid-solu- 
ble filtrate at 280 my. 

















Before acidification After acidification 

Assay 
Activator Plasmin Activator Plasmin* 
LME 0.296 0.042 0.109 0.255 
0.292 0.023 0.198 0.100 
0.379 0.012 0.122 0.196 
Casein 0.070 0.054 0.050 0.145 
0.055 0.107 0.041 0.217 











ie Corrected for destruction of plasmin by acidification as deter- 
mined in simultaneous control experiments. 
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Fig. 11. The conversion of plasminogen to plasmin in 50% 
glycerol. Plasminogen disappearance (O—O), plasmin forma- 
tion (@—@), and proactivator concentration (A—A) were meas- 
ured by LME assay. The calculated sum of plasmin plus plas- 
minogen activities is also shown (O—QO). The proactivator 
measurements were confirmed in clot lysis assays. 


longer detectible by the 5th day (Fig. 11). Plasmin concentra- 
tion concurrently increased. Proactivator activity was as high 
on the Ist day when plasminogen constituted the chief activity 
as on the 5th day when plasmin activity was dominant. Since 
streptokinase is added in the proactivator assay, any plasminogen 
present could be converted to plasmin and then to the activator. 
Ablondi and Hagan (8) in a similar experiment, reported a fall 
in proactivator activity. In repeated experiments in which 
casein and clot lysis as well as LME assays were used, we have 
not been able to confirm their result. 

The demonstration that the plasminogen activator may be 
formed from plasmin by the addition of streptokinase does not 
rule out the possibility that an activator may also exist in the 
form of a plasminogen-streptokinase complex. However, com- 
parison of the activator activity resulting from the addition of 
large amounts of streptokinase to plasminogen and to plasmin 
have failed to reveal any difference in the behavior of the acti- 
vator(s) formed toward casein, LME, or bovine clots. 


DISCUSSION 


Activator assays have been based on the conversion of an 
excess of bovine plasminogen to plasmin. The end point has 
been measured by clot lysis (18), esterolysis (8), or proteolysis 
(15). The LME assay of activator offers several advantages 
over current tests. (a) It is simple to carry out and does not 
involve the use of impure and variable clotting components. It 
is, therefore, reproducible and easily controlled. (6) Since the 
measurement is a characteristic of the activator itself, the test is 
independent of the production of plasmin, permitting the estima- 
tion of activator in the presence of high plasmin concentrations. 
(c) The formation of the activator can be measured in systems 
in which plasmin activity is suppressed, allowing less complicated 
study of the kinetics of activator formation. (d) The splitting 
of LME by plasmin and by the activator is in the same order of 
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magnitude, in contrast to clot tests in which the activator assay 
is far more sensitive than that of plasmin, permitting more pre- 
cise quantitative balance studies to be made in the LME system. 
Disadvantages of the assay are its insensitivity relative to clot 
assays and the fact that all LME esterase activity induced by 
streptokinase may not, in unpurified systems, be the result of 
activator plus plasmin activity alone. 

Assays for the precursor of the activator have been unsatisfac- 
tory. In clot tests, the large amount of streptokinase, which is 
required for maximal activator formation, inhibits clot lysis (7). 
Therefore, such tests are carried out with a concentration of 
streptokinase which is optimal for clot lysis but not for activator 
formation. Esterolytic and proteolytic tests cannot be used to 
measure weak proactivator activity in the presence of plasmin 
and have been found to be erratic, possibly because of the large 
amount of bovine plasminogen used in the system. None of 
these procedures is valid in the presence of plasmin inhibitors. 
The preliminary determination of precursor concentration by 
proteolytic measurement, and the use of 10,000 streptokinase 
units per casein unit in the LME assay, permit the accurate 
determination of proactivator -activity after the complete con- 
version of precursor to activator. 

Comparison of the LME assay for plasmin with the standard 
casein test reveals that the two measurements coincide except at 
high streptokinase levels where the hitherto unsuspected ability 
of the activator to hydrolyze casein introduced errors into the 
casein assay. Although the activator has not previously been 
shown to possess caseinolytic activity, the conversion of plas- 
minogen to plasmin is known to involve the splitting of peptide 
bonds (20). In the usual activation studies, any caseolytic ac- 
tivity observed would be attributed to the plasmin which is also 
formed. : 

Upon the addition of streptokinase to plasmin, the plasmin 
activity disappeared and was replaced by an equivalent amount 
of activator activity. When an activator solution was acidified 
to destroy the streptokinase portion of the activator complex, 
activator disappeared and plasmin activity appeared. In addi- 
tion, at 37°, proactivator disappearance paralleled plasmin inac- 
tivation, and stabilization of the plasmin with glycerol also 
stabilized the proactivator. Furthermore, proactivator activity 
was found to correlate with the sum of plasminogen plus plasmin 
activities when plasminogen was incubated with glycerol for 5 
days. These results demonstrate a close relationship between 
plasmin and the activator and strongly suggest that human 
plasmin has proactivator potential. 

The idea that the plasminogen activator may be a plasmin- 
streptokinase complex has been suggested by several authors (6, 
7, 9, 22) but convincing evidence has been lacking. An impor- 
tant consequence of this theory requires that if plasmin is the 
only streptokinase-activated proactivator, some plasmin must 
be present to initiate the reaction. It is interesting that the 
most highly purified plasminogen preparations contain spon- 
taneous plasmin activity (17). The additional possibility that 
streptokinase can react directly with plasminogen to form an 
activator cannot be excluded. However, attempts to demon- 
strate two activators produced by the addition of streptokinase 
to plasminogen and to plasmin, respectively, by the effect on 
three different substrates, casein, LME and bovine clots, were 
unsuccessful. The ability of plasmin to function as a proactiva- 
tor eliminates the necessity, required by a plasminogen-strepto- 
kinase hypothesis, to assign two functions to the plasminogen 
molecule. 
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It is important to note that the proactivator potentiality of 
plasmin does not eliminate the possibility that another proactj- 
vator may exist in human blood. Evidence indicating that q 
second proactivator distinct from plasminogen or plasmin may 
exist in human plasma has been reported by Markus and Werk. 
heiser® (24) and had been found by Dr. N. Spritz* and by us. 


SUMMARY 


1. A method for the estimation of plasmin and the activator 
of plasminogen by means of lysine methyl] ester hydrolysis, with 
and without soybean trypsin inhibitor, is described. Measure. 
ment of the activator by its esterolytic activity permits its esti. 
mation in the presence of plasmin. 

2. Conditions for estimation of the proactivator by the same 
technique are defined. 

3. The activator was found to possess caseinolytic activity, 

4. Evidence is presented from studies of the formation of 
activator from plasminogen, plasmin, or mixtures of the two, 
that human plasmin can serve as a precursor of the plasminogen 
activator which is formed by the addition of streptokinase to 
plasminogen solutions. Stability studies and the demonstration 
of the interconversion of plasmin and the plasminogen activator 
by the addition of streptokinase to the former or removal of 
streptokinase from the latter, strongly support this hypothesis, 
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It was previously reported that lactic and malic dehydrogen- 
ases are distributed according to strikingly different patterns in 
the various layers of the retina (1). This suggested that the 
layers differ greatly in regard to glycolytic and oxidative capacity. 
In this paper will be reported the distribution of the following 
enzymes of glucose metabolism: hexokinase, phosphoglucoisom- 
erase, phosphofructokinase, glucose 6-phosphate dehydrogenase, 
§-phosphogluconate dehydrogenase, and phosphoglucomutase. 
This permits examination of most of the enzymes leading from 
glucose through glucose 6-phosphate toward each of three major 
pathways: glycolysis, direct oxidation, and glycogen formation. 

The differences in distribution of certain of these enzymes are 
dramatic and may indicate how the retina meets some of its 
special problems. Comparison of the avascular retina of the 
rabbit with the partially vascularized retina of the monkey 
(Macaca rhesus) helps in the assessment of the effects of blood 
supply on metabolic patterns. 

Some of the analytical methods are new and perhaps of interest 
per se. 


EXPERIMENTAL PROCEDURE 


The preparation of the histological material for analysis has 
been described (1, 2). The analyses were made on pure samples 
of each retinal layer. These were obtained by dissection from 
frozen-dried sections cut at 5 or 6 w in a plane parallel to the 
retinal layers. The average sample weighed 0.1 ug.! 

It was desirable to use a single set of sections for many deter- 
minations. ‘The enzymes measured had been shown to be stable 
in dry sections stored for long periods at —20°. It was also 
known that exposure to room temperatures for the few hours 
required to dissect samples for a single set of analyses could be 


* Supported in part by a grant (B-434) from the United States 
Public Health Service. 

‘When the frozen sections were cut, a considerable improve- 
ment was made by mounting the entire eyeball in a holder of hard 
wood. The holder made on a lathe has a stem approximately 3 
cm long and 1.2 cm in diameter with a flared end containing a 
socket-shaped depression like a shallow eye cup. The eyeball 
(previously frozen as rapidly as possible) is mounted in brain 
paste with the corneal pole in the socket. Freezing to the paste is 
secomplished by covering with powdered dry ice because cracking 
night result from too rapid chilling. The holder plus eyeball can 
beturned to present almost any portion of the fundus to the blade. 
The selera is chipped away from the choroid with a scalpel over 
the region to be sectioned. After sectioning, the remainder of the 


bong still in its cup, may be preserved at —80° for further sam- 
ping. 


tolerated by the enzymes being studied. However, it was not 
known if repeated exposure to room air would be tolerated. A 
trial with monkey retina sections (6 u) gave the following results. 
Hexokinase, 6-P-gluconate dehydrogenase, and glucose-6-P de- 
hydrogenase lost, respectively, 75, 84, and 100% activity after 
11 days in air at 25-28°, and 45, 41, and 65% activity after 3 
days in air at 25°. When, instead, samples were stored for 3 
days at 25° under vacuum, hexokinase lost no activity and 6-P- 
gluconate dehydrogenase lost only 7% activity. Glucose-6-P 
dehydrogenase still lost considerable activity (45%) under 
vacuum at 25°. 

Whether the loss in air was due to moisture, oxygen, or ad- 
ventitious fumes was not determined. As a result of this experi- 
ment, it has become the practice to remove only a few samples at 
a time from the vacuum tube (2) for dissection and to keep the 
rest of the samples under vacuum until the dissection is finished, 
at which time all remaining material is returned to —20° (under 
vacuum). 

The enzyme analyses were all performed with samples dis- 
sected on the day of analysis. In this type of microanalysis, the 
most hazardous step has been found to be the bringing together 
of dry sample and buffer-substrate reagent in the reaction tube 
(2-mm bore). Placing tubes with dry samples in an ice bath 
before addition of reagent, or storing samples in tubes at low 
temperature after dissection may be disastrous because of con- 
densation of moisture (3). The procedure recommended, and 
used for much of this study, is to add complete reagent to each 
tube at room temperature and at once bring the sample into the 
reagent under direct supervision through a wide angled, low 
power microscope. For this purpose, a simple rack and pinion 
device is required (3). Immediately after receiving the section, 
the tube is placed in a rack in ice and held until the set is com- 
plete. Alternately, the order of addition was reversed, but the 
operation was still performed at room temperature. This sim- 
pler procedure has the disadvantage that supervision is very 
difficult. The samples, invisible to the naked eye after they are 
wet, may stick to the bottom, be carried high into the meniscus, 
or be carried out of the tube on the pipette tip. Repeatedly, 
tests have shown that after bringing sample and reagent to- 
gether, physical mixing is unnecessary and undesirable. Dif- 
fusion and convection provide adequate mixing with the small 
fluid volumes concerned. 

After incubation, the racks of samples, standards, and blanks 
were placed in ice to arrest enzyme action temporarily before 
proceeding with the analyses. 
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All the methods used are based finally on measurement of 
TPNH or DPN* by fluorescence. TPNH was measured either 
by its native fluorescence or by the stronger fluorescence produced 
in strong alkali after conversion back to TPN+ with hydrogen 
peroxide (4). All readings were made in selected Pyrex tubes of 
10- X 75-mm outer diameter in the Farrand model A fluorometer. 

When the native fluorescence is to be read with TPNH con- 
centrations below 5 X 10-7 M it is advantageous to measure the 
blank fluorescence of each tube containing the diluent to be used, 
before adding the aliquot containing TPNH. This blank read- 
ing need not average more than the fluorescence from 10-7 m 
TPNH, but it is likely to be somewhat variable and is contingent 
on the quality of tube cleaning, and the quality of the water used 
in preparing the diluent. 

When the fluorescence inducible with strong alkali is to be 
measured, it is necessary to destroy excess TPN+ beforehand with 
minimal fluorescence formation. Originally, this was accom- 
plished by heating in 0.03 n NaOH (4). An improvement 
permitting greater latitude in sample volumes and buffer 
strengths is to use a strong solution of K,HPO,, and NasPQ, to 
give a final ratio of HPO2-:PO,- between 1.5 and 3. Heating 
for 10 minutes at 60° in this buffer destroys TPN+ (or DPN*) 
with formation of fluorescence equal to less than 1% of that 
formed in 6 Nn NaOH. 

Standards, in all cases, were prepared in the complete buffer- 
substrate reagents at the concentrations indicated, and these 
were incubated together with the tissue samples. 

Two of the enzymes measured produce TPNH directly. 
Three others yield glucose-6-P from which TPNH was formed by 
the addition of TPN* and glucose-6-P dehydrogenase. This 
enzyme was prepared from hog adrenals (5) and was nearly free 
of hexokinase and P-glucoisomerase.? The Michaelis constant, 
K,, for glucose-6-P at pH 8 is about 0.02 ma, and that for TPN+ 
about 0.002 mm. In the case of phosphoglucomutase and isom- 
erase, the auxiliary dehydrogenase is used in a second step after 
the primary enzyme reaction has been arrested. Under these 
circumstances, the minimal amount of glucose-6-P dehydrogenase 
required may be calculated from the equation V = (1/t){(S)o + 
2.3 K, log [(S)o/(S)]}. V is the activity of the dehydrogenase 
expressed as velocity with saturating levels of substrate, (S)o is 
the highest anticipated initial level of substrate for the auxiliary 
enzyme, and (S) is the highest permissible level of unchanged 
substrate after incubation time, ¢. In the present case, for a 30- 
minute incubation, and with (S) set at 1% of (S)o, the equation 
becomes V = [2(S)o + 0.2] mmoles per liter per hour, if (S)o is 
expressed as millimoles per liter. 

In the case of hexokinase, the auxiliary dehydrogenase is 
present during the first step, and a higher activity is necessary. 
A simple way to examine the requirements for the auxiliary en- 
zyme is as follows. Let v equal the velocity of either hexokinase 
or the dehydrogenase (because they must be nearly equal in a 
valid assay system). Let (S) equal the steady state glucose-6-P 
concentration that will prevail during most of the reaction, and 
let ¢ equal the incubation time. (S) is clearly the total error, 


* A highly satisfactory preparation of yeast glucose-6-P dehy- 
drogenase is now available from Boehringer and Sons, through 
California Foundation for Biochemical Research. The kinetics 
are very similar for this enzyme and for the adrenal enzyme. At 
25° and pH 8, the maximal velocity of a 0.5% solution is about 40 
moles per liter per hour. 
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whereas vt is the total amount of substrate to be measured. The 
fractional error = [(S) /vt]. 

Since (S) will be small compared to K, (if the error is to be 
kept small), V = [vK,/(S)], and therefore V = [K./(fraction 
error)t]. For example, if it is desired for an incubation of 3 
minutes that TPNH formation be not less than 97 % of glucose-6. 
P formation, and K, = 0.02 (as in the present case), then V = 
[0.02/(0.03 x 0.5)] = 1.8 mmoles per liter per hour. 

The individual methods that follow are designed to measure 
the activities at nearly optimal conditions of substrate and ¢p. 
enzyme concentration and pH. The conditions are also such as 
to permit close approximation of proportionality with time and 
amount of enzyme. Because of the very great tissue dilution, 
interference from possible soluble inhibitors or accelerators from 


the tissue seems remote, and no evidence for such interference | 


has been observed. 

Hexokinase—The reaction was allowed to take place in the 
presence of sufficient glucose-6-P dehydrogenase and TPN* to 
oxidize the glucose-6-P almost as rapidly as it is formed. Thisis 
necessary in order to prevent serious product inhibition (6) as well 
as to obtain stoichiometric TPNH formation. 

The samples were incubated for 60 minutes at 38° in 5 ul of 
0.05 m Tris buffer, pH 8.2, containing 8 mm glucose, 5 mm ATP, 
5 mm MgCl, 15 mm Ke2HPO,, 0.8 mm TPN+, 0.05% bovine 
serum albumin, and sufficient glucose-6-P dehydrogenase to give 
a maximal velocity of about 2 mmoles per liter per hour. (The 
reagent without glucose-6-P dehydrogenase and Mg was stored 





at —20°.) Standards contained 0.06 and 0.2 mm glucose-6-P. | 


After incubation, aliquots of 4 ul were added to 1 ml of either (a) 
0.025 m phosphate buffer, pH 7.4, or (6) 0.02 m Tris buffer, pH 8, 
containing 0.05 mm TPN*, 0.2 mm EDTA? and sufficient 6-P- 


gluconate dehydrogenase to catalyze the oxidation of 50% ofa | 


low level of 6-P-gluconate (e.g. 0.002 mm) in 5 minutes or less at 
room temperature. The fluorescence of the samples in phos- 
phate were read as convenient. The fluorescences of the samples 


with added 6-P-gluconate dehydrogenase were read after 30 | 


minutes at room temperature. 

The high dilution in phosphate prevented further hexokinase 
action. This is in part due to dilution of the substrates, and in 
part probably due to combination of P; with Mg. With larger 
samples, not diluted so much, EDTA can be added to the buffer, 
as was done in the case of the alternate reagent. 

The purpose of the 6-P-gluconate dehydrogenase was not 
merely to double sensitivity. It was added rather to guard 
against the possibility that 6-P-gluconate dehydrogenase present 
in retina might partially oxidize 6-P-gluconate formed in the 
assay and make results uncertain. The 6-P-gluconate dehy- 
drogenase was prepared from hog liver. A 1:6 homogenate in 


0.02 m phosphate buffer, pH 7, containing 0.02 mm EDTA, was | 


fractionated with ammonium sulfate at pH 7. The fraction 
soluble in 1.6 m and precipitating from 2.3 m ammonium sulfate 
was refractionated between 1.9 and 2.5 m at a volume of 2 ml per 
g of original tissue. It was thendialyzed against a solution of the 
same composition used for making the original homogenate, and 
treated with protamine sulfate at a concentration of 0.04% ata 
dilution of 2 ml per g of tissue. The supernatant fluid was heated 
for 5 minutes at 52°. The soluble remainder was precipitated in 
2.6 M ammonium sulfate and refractionated twice more between 


* The abbreviation used is: EDTA, ethylenediaminetetraace- 
tate. 
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1.8 and 2.3 M ammonium sulfate at a volume of 0.5 ml per g of 
original tissue. The activity was about 5 moles per kg of protein 

hour at 25° which represented 15-fold enrichment with 20% 
yield. Glucose-6-P dehydrogenase activity was less than 0.001% 
of 6-P-gluconate dehydrogenase activity. The preparation, 
however, was contaminated with substantial amounts of hexo- 
kinase, Phosphoglucoisomerase, and malic enzyme. Rough 
measurements at 24° indicated Michaelis constants for TPN* of 
§ xX 10-*and7 X 10-*m at pH 7.9 (0.05 m Tris) and pH 8.9 (0.05 
y 2-amino-2-methyl-1 ,3-propanediol*), respectively. Michaelis 
constants for 6-P-gluconate at 24° were determined to be 2.2, 9.9, 
and 15.3 X 10-5 M, respectively at pH 7.9 (0.05 m Tris), pH 8.9, 
and pH 9.2 (0.05 m 2-amino-2-methyl-1,3-propanediol). The 
maximal velocities had relative values of 1, 0.81, and 0.65 at these 
same pH values. 

Phosphoglucoisomerase—The activity of this enzyme was de- 
termined with fructose-6-P as substrate. The product was 
measured with the aid of glucose-6-P dehydrogenase and TPN*. 
Each sample was incubated with 8 yl of 0.1 m 2-amino-2-methy]- 
1,3-propanediol buffer, pH 8.9, containing 0.05% bovine plasma 
albumin and 4 mm fructose-6-P that had been prepared en- 
rymatically (5). After incubation for 30 minutes at 38°, and 
chilling in ice water, 3 wl of 1 N HCl were added. A 10 ul 
aliquot was transferred to a fluorometer tube containing 1 ml of 
0.1 m Tris buffer, pH 8, with 0.03 mm TPN‘, 0.5 mm 6-P-gluco- 
nate, and sufficient glucose-6-P dehydrogenase to permit oxida- 
tion of the standards at a rate of at least 50% in 5 minutes. (The 
standards were 0.4 mm during the first step or 0.0025 mm during 
the last step.) After 30 minutes at room temperature, the 
resulting TPNH fluorescence was read. 

Isomerase action on fructose-6-P departs from linearity chiefly 
due to product inhibition (5). It was empirically determined 
that if isomerization did not exceed 25% a linear plot could be 
obtained if the values were corrected as follows: 


Activity (corrected) = Activity (observed) /f, 


in which f = 1 — 0.012 X % conversion of fructose-6-P to 
glucose-6-P. The data presented have been corrected in this 
manner. 

The glucose-6-P dehydrogenase preparation used contained a 
little isomerase. This was inhibited by the addition of 6-P- 
gluconate (7), which has an inhibitor constant of about 0.005 
mm (5). This is about half the value of the Michaelis constant 
for fructose-6-P (5). Recently available glucose-6-P dehydro- 
genase preparations? are nearly free of isomerase, and with their 
use, the 6-P-gluconate is not required. In fact, the analysis in 
this case can be simplified by incorporating TPN+ and the 
dehydrogenase into the first reagent. The only disadvantage of 
this is that the reaction rate falls off somewhat faster than it does 
otherwise, because of the competitive inhibition by 6-P-gluconate 
just mentioned. 

The method described for isomerase measurement has sub- 
stantial advantages in comparison with a method used previously 
in similar studies (8). The earlier method, like its predecessors, 
assessed the reaction in the direction of fructose-6-P formation 
and depended on measurement of color produced with resorcinol 
in strong acid. The present fluorometric procedure is inherently 
more sensitive, by a factor of at least 100. It is also more nearly 


‘ Distillation Products, Inc. 
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linear with time because the point of equilibrium is much closer to 
glucose-6-P than to fructose-6-P, and because the Michaelis 
constant for fructose-6-P is a third that of glucose-6-P (5). The 
new procedure has the disadvantage that it is difficult at present 
to obtain commercially sufficiently pure fructose-6-P. The reac- 
tion rate is nearly the same in the two directions with isomerase 
from a number of sources (5). However, reported analyses with 
the earlier method are 50% above correct values because of the 
impurity of commercial fructose-6-P (5) that misled Buell et al. 
(8) as well as earlier investigators. 

The procedure described can be readily modified to measure 
greater or lesser amounts of enzyme under more general circum- 
stances. In this case it is recommended that the analysis be 
arranged so that the fraction of substrate converted is not less 
than 2 or 3% (inasmuch as the best fructose-6-P is likely to con- 
tain a little glucose-6-P) and not more than 20 or 30% (because 
of the departure from linearity noted.) To meet this recom- 
mendation, it is possible to change not only the incubation 
volume but also the substrate concentration to any level within 
the range of 0.2 to 20 mm. (Higher levels have not been tested.) 
In the case of very low enzyme levels, the sensitivity can be in- 
creased by using the indirect procedure for measuring TPNH. 

P-fructokinase—This enzyme was measured by a method, 
adapted from Ling et al. (9), in which fructose diphosphate 
formed is converted with auxiliary enzymes via dihydroxyace- 
tone-P to a-glycerol-P. In the adaptation, the resulting DPN+ 
is measured fluorometrically. 

The samples were incubated for 30 minutes at 38° in 3 yl of 0.05 
M potassium phosphate buffer, pH 8, containing 10 mm fructose- 
6-P, 1 mm (NH,4)sHPO,, 5 mm MgCl, 10 mm ATP, 2mm DPNH, 
0.05% bovine plasma albumin, 0.001% crystalline aldolase 
(Worthington), a-glycerol-P dehydrogenase sufficient to give a 
velocity of 6 mmoles per liter per hour at 25° with 1 mm dihy- 
droxyacetone-P, and triose phosphate isomerase sufficient to give 
a velocity of 3 mmoles per liter per hour at 25° starting with 1 
mM dihydroxyacetone-P. (The ammonium phosphate is un- 
necessary. For a better buffered reagent giving comparable 
enzyme rates, the potassium phosphate may be replaced by 0.1 
m Tris, pH 8, and 0.1 m KCl.) 

The last two auxiliary enzymes were prepared from rabbit 
muscle by modifications of published procedures (10, 11). 

The reaction was permanently arrested with 3 yl of 0.5 n HCl, 
a 5 ul aliquot was added to 100 ul of 6 nN NaOH in a fluorometer 
tube. After the sample was heated for 15 minutes at 60°, 1 ml of 
water was added and the fluorescence measured. Standards 
consisted of 0.5 mm DPN? (equivalent to 0.25 mm fructose-6-P). 
In addition, 0.3 mm fructose diphosphate working standards were 
also prepared and incubated for both 5 and 30 minutes to make 
sure the auxiliary enzymes were sufficiently active. 

Glucose-6-P Dehydrogenase—This enzyme was measured in 0.1 
M 2-amino-2-methyl-1 ,3-propanediol at pH 9 to 9.4 containing 
2 mm glucose-6-P, 0.5 mm EDTA, 0.05% bovine plasma albumin 
and 0.3 to 1 mm TPN*, depending on the expected enzyme 
activity. (In some earlier analyses, Mg was added, but was 
later omitted because it had no apparent effect. In the case of 
the monkey retina reported in Fig. 2, the reagent also contained 
6-P-gluconate dehydrogenase to give a maximal velocity of about 
4 mmoles per liter per hour (see below)). 

Because of the tremendous range of activity in retinal samples 
it was necessary to vary the analytical procedure. For example, 
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0.05 to 0.1 wg samples from retinal layers 6 to 9 inclusive were 
incubated for 60 minutes in 2 pl of reagent with 0.5 mm TPN+ 
and supplementary 6-P-gluconate dehydrogenase. . The reaction 
was stopped with 10 yl of 0.25 m Na;P0,.-0.35 m KzHPO,. After 
being heated 15 minutes at 60°, a 10 ul aliquot was added to 100 
ul of 7 N NaOH containing 0.025% H,O: in a fluorometer tube. 
After being heated for 10 minutes at 60°, 1 ml of water was added 
and the fluorescence measured. Standards consisted of 0.1 mm 
TPNH or 6-P-gluconate. On the other hand, samples from 
layers 2b to 5 inclusive were incubated in 10 yl of reagent with 
twice the concentration of TPN+. After 30 minutes at 38°, 10 
ul aliquots were diluted in a fluorometer tube with 1 ml of 0.05 
m Na.CO;-0.005 m NaHCOs, and the native fluorescence was 
read directly. 

The supplementary enzyme, 6-P-gluconate dehydrogenase, was 
added in one series of analyses for the same reason it was used 
with hexokinase, 7.e. to make sure that endogenous 6-P-gluconate 
dehydrogenase did not distort the yield of TPNH. However, 
the chances for trouble are less than with hexokinase, because at 
pH 9 the activity of 6-P-gluconate dehydrogenase with optimal 
substrate is less than at pH 8 (the pH optimum), the final con- 
centration of 6-P-gluconate is usually well below the Michaelis 
constant (about 0.1 mm at pH 9) and the activity of 6-P-gluco- 
nate dehydrogenase is much less than that of glucose-6-P de- 
hydrogenase in the most active retinal layers. Nevertheless, in 
other analytical situations the use of the supplementary enzyme 
may be necessary for accurate results. 

6-P-Gluconate Dehydrogenase—The samples were added to 5 
wl of 0.1 m Tris buffer, pH 8.2, containing 3 mm 6-P-gluconate, 
2mm TPN+,1mM EDTA. The reagent also contained 0.005% 
bovine serum albumin, but 0.05% is recommended even though 
tests showed the same activity for samples analyzed in either 
concentration of albumin. Layers 2b to 5 inclusive were in- 
cubated 30 minutes, the rest 60 minutes, and standards contained 
0.01 and 0.025 mm TPNH. The reaction was stopped with 30 
pl of 0.25 m Na3P0,-0.35 m KeHPO,. After being heated for 15 
minutes at 60°, 30 ul were added to 100 ul of 7.5 N NaOH with 
0.02% H:O2. The tubes were heated for 10 minutes at 60° and 
diluted with 1 ml of water to read. 

In rabbit brain, the Michaelis constants for the enzyme at pH 
8 are about 0.014 and 0.002 mm for 6-P-gluconate and TPN*, 
respectively. The TPN* excess is not made too great, as it gives 
fluorescence by the procedure followed, equal to about 1% of an 
equal amount of TPNH. 

Commercial 6-P-gluconate is made from glucose-6-P and may 
be contaminated with the latter. The contamination must be 
less than 0.01 % for use in the present method, because of the low 
Michaelis constant of glucose-6-P dehydrogenase. (Thus, 0.1% 
contamination would have caused a 30% error in some of the 
retinal analyses.) Recent preparations from Sigma Chemical 
Company have been entirely satisfactory. 

Phosphoglucomutase—The assay conditions used were very 
similar to those given by Buell et al. (8) but instead of measure- 
ment of glucose-1-P disappearance, glucose-6-P formation was 
determined with glucose-6-P dehydrogenase. 

The samples were added to 6 ul of 0.01 m Tris buffer, pH 7.6, 
containing 2 mM glucose-1-P, 2 mm MgCle, 0.01 mm glucose-1, 
6-diphosphate and 2 mm dimercaptopropanol. After 60 minutes 
at 38°, 30 wl of 0.01 m Tris buffer, pH 7.6, were added containing 
2mm EDTA, 0.5 mm TPN‘, sufficient glucose-6-P dehydrogen- 
ase to give a maximal velocity of 0.5 mmole per liter per hour at 
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25°, and sufficient P-glucoisomerase to give a maximal velocity of 
20 mmoles per liter per hour at 25°. After 15 minutes at 25° g 
30 ul aliquot was diluted in 1 ml 0.01 m phosphate buffer of pH 
7.6, and the fluorescence was measured. 

Standards consisted of 0.1 mm glucose-6-P. The isomerase ( 
simple preparation from rabbit muscle (5)) was added in the 
second step so that any glucose-6-P that might have been cop. 
verted to fructose-6-P by tissue isomerase in the first step would 
surely be converted back again during the second, shorter, 
incubation at greater dilution. 


RESULTS 


The most striking finding in regard. to distribution of hezo- 
kinase’ in both monkey and rabbit is that in the first neuron 
(receptor cell)* of the retina this enzyme is almost entirely con. 
fined to the inner segments of the rods and cones, and in the 
monkey at least, to the outer part of these segments (Fig. 1, 
Table I). Incomplete data indicate a similar situation in human 
retina. The first retinal neuron in both rabbit and monkey is 
without blood supply. It seems reasonable to suppose that 
glucose diffuses from the choroidal vessels to the inner segments 
where it is phosphorylated, and that it diffuses down the neuron 
to the other end as glucose-6-P. The outer segments contain 
relatively little hexokinase, but these segments are low in all 
metabolic enzymes so far measured and may have ample hexo- 
kinase for their own purposes. 

In the rest of the retina, the fiber or synaptic layers are much 
richer in hexokinase than the cell body layers. In contrast to 
the first neuron there is no sign of limitation either to dendrite 
or axon, because the enzyme in monkey, at least, is high in both a 
layer of mixed synapses and dendrites, 5b (Fig. 1), and in a layer 
of axons, 9. The absolute values for hexokinase in the inner 
layers of the retina are somewhat lower in rabbit than in monkey. 
These layers (6 to 9 inclusive) are avascular in rabbit but have a 
rich blood supply in monkey. The low value for hexokinase in 
pigment epithelium may be noted. 

In contrast to the enzyme that forms glucose-6-P, the enzymes 


5 Hexokinase was measured in retinas from three different 
monkeys. Values for one are shown in Fig. 2, for another in Ta- 
ble II, and a third is not shown. All agreed rather closely except 
that in the case of the retina represented in Fig. 1, the hexokinase 
values in the inner layers were lower than for the other two, ap- 
proximating the values for the rabbit. 

6 The structure of the retina is drawn schematically on the fig- 
ures. The pigment epithelium (layer 1) lies immediately be- 
neath the choroid. The first neurons, whether rod cells or cone 
cells, consist of: outer segments (layer 2a), the photoreceptors 
proper; inner segments (layer 2b), analogous to dendrities; cell 
bodies packed tightly together to make the outer nuclear layer 


ee 


(4); and naked azons, making up the outer portion of the outer | 


reticular layer (5a). The first neurons terminate in layer 5b where 
synapsis is made with the second neurons. These are short bi- 
polar cells with cell bodies lying in the inner nuclear layer (6) 
together with cell bodies of modified glia (Mueller’s cells). The 
bipolar cells synapse in the inner reticular layer (7) with the third 
retinal neurons, the ganglion cells, the large cell bodies of which 
occupy the ganglion cell layer (8) and the fibers (nonmyelinated) 
of which make up layer 9 as they run toward the optic nerve head. 
‘Outer’ is used to mean toward the periphery of the eye ball. 
The rabbit retina is completely avascular. The monkey retina 
has a good blood supply extending from the inner (vitreous) sur- 
face through layers 9 to 6 inclusive. Layers 1 to 5 have no blood 
vessels, but the choroid, adjacent to layer 1, has a rich blood sup- 
ply in both species. The total thickness of the retina is about 0.3 
mm in monkey and 0.2 mm in rabbit. 
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that use this substrate are richest at the distal end of the first cell. 
Isomerase in monkey retina has its peak value in the naked axon 
portion of the first neuron (Table I). The rabbit retina is 
similarly constituted to that of the monkey throughout the outer 
layers, but the inner retinal layers are all rich in isomerase and a 
second peak is reached in the inner reticular layer. Phospho- 
fructokinase (Fig. 1, Table I) tends to parallel isomerase, as one 
might expect, although the correspondence is far from constant. 
In the rabbit, the ratio of isomerase to phosphofructokinase only 
varied over a 2-fold range (Table II), whereas the ratio of hexo- 
kinase to phosphofructokinase varied 50-fold. In the monkey, a 
5-fold range of isomerase to phosphofructokinase ratios was 
observed. The relatively high phosphofructokinase value in 
fiber layer 9 and very low value in cell body layer 6b, with little 
difference in isomerase activity, was confirmed in another monkey 
retina. 

With respect to the oxidative shunt, it will be seen that 
glucose-6-P dehydrogenase is exceedingly high throughout the 
first neuron, except for the outer segment, and even this portion 
is as rich as average brain (Fig. 2). The peak values for monkey 
exceed average brain by a factor of 25. Although in the rabbit 
the values are not as high, the absolute levels are, nevertheless, 
impressive (Fig. 2). In both species, there are peak values in 
the innermost portion of the inner segments and in the outer 
reticular layer, and both show a dramatic decrease in the rest 
of the retina to levels which are as low as average brain or lower. 
The next enzyme of the oxidative shunt, 6-P-gluconate de- 
hydrogenase, is also abundant in the first neuron (Table J), 
although not nearly so active as the preceding enzyme. One 
might expect close correspondence between these two enzymes 
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Fig. 1. Distribution of hexokinase and phosphofructokinase in 
monkey retina. The line widths at the center of each layer equal 
two standard deviations for that layer. The points have been 
connected for better visualization, but this does not imply a grad- 
ual transition of values from one layer to the next. The layer 
widths are drawn roughly proportional to actual layer thicknesses. 
The peak values for hexokinase and phosphofructokinase were, 
respectively, 27 and 32 moles per kg of fat-free dry weight per 
hour. The phosphofructokinase data are from retina M 17 (Ta- 
ble I). Hexokinase data are from M 58, except for values at 2a 
and 5b, which came from M 48 and M 17, respectively. 
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but the ratio of their activities was found to vary over an 18- 
fold range (Table II). 

Still another enzyme acting on glucose-6-P, phosphogluco- 
mutase, is more active in the axonal end of the first neuron than 
in the inner segment where glucose-6-P is presumed to be 
originally formed (Table I). This enzyme is quite active in the 
inner retinal layers, and in these layers it is substantially more 
abundant in rabbit than in monkey.’ 


DISCUSSION 


The retina is a part of the central nervous system serving a 
specialized function under unusual difficulties. Presumably, 
in the interests of optical clarity, the outer layers of monkey 
retina and the full thickness of rabbit retina functions without 
a penetrating blood supply,® this in spite of very high capacity 
for oxygen consumption and lactate production. It is, therefore, 
of interest to see if enzyme distributions among the layers offer 
any clues as to how the difficulties posed by the anatomical 
situation have been surmounted. 

The finding that hexokinase is localized almost entirely at 
the end of the first neuron nearest the choroidal blood supply 
would seem to be an adaptation favorable for function in an 
avascular zone. Presumably, diffusion would be faster within 
the cells, because of greater total cross section, than in the tissue 
spaces. Furthermore, there is the possibility of active motion 
by the cell or within the cell to hasten transport. If there is a 
glucose-6-P gradient down the cell, there must be a gradient of 
some phosphate compound, presumably ATP or P; in the other 
direction. Unless the phosphate returns in high energy form, 
the outer end of the cell must have an exceedingly active ADP 
phosphorylating system, presumably oxidative. Studies of the 
distribution of P; and phosphorylated intermediates might 
determine the form in which P returns to the inner segment. It 
might also be useful in this connection to measure the distribu- 
tion of P-glycerate and pyruvate kinases. 

It would appear from the enzyme distributions that the 
capacity for utilizing phosphorylated hexose in the first retinal 
cell is greatest at the end furthest from the glucose-6-P supply. 
The five enzymes studied here that utilize hexose phosphate are 
all most abundant at the axonal end of this cell. The same is 
true for lactic dehydrogenase (1), aldolase,’ and glyceraldehyde 
phosphate dehydrogenase (12). The fact that all these members 
of the glycolytic pathway are very active at the axonal end of 
the first neuron indicates that the high level of phosphofructo- 
kinase is not merely serving to trap fructose-6-P (as an aid to 
glucose-6-P diffusion down the neuron). 

One might speculate as to why in the monkey both ends of 
the first neuron are not rich in hexokinase, inasmuch as they 
both come close to a good blood supply. Possibly, this is an 
evolutionary or embryological carry over, because lower forms, 
like the rabbit, tend to lack a blood supply throughout the 
retina and the blood supply to the inner layers when present 
does not become functional until late in development. 

Eichel (13) observed that retina as a whole is rich in glucose- 
6-P dehydrogenase. This was confirmed by Schimke (14). It 
is now seen that the abundance of this enzyme is entirely limited 


7 Attempts have been unsuccessful to relate the phosphogluco- 
mutase values of Table I to glycogen as seen by various workers 
using staining methods. 

8 Unpublished observations. 
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TABLE [ 
Five enzymes in monkey and rabbit retina 
Values are moles of substrate transformed per kg of lipid free dry weight per hour at 38°. The individual retinas are identified by 


a number and M or R for monkey or rabbit. 


The standard errors are given in italics. 
































| 
Hexokinase Isomerase Phosphofructokinase Phosphoglucomutase es 3 
Retinal layer | genase 
Mas Rso =| | Mas R60 M17 RS4 M48 RS9 Mss 
| 
1 Pigment epithelium 1.4 | 35° 1.2 2.3 1.51 
0.3 | 4 0.2 0.1 0.07 
2a Outer segments, rods and cones [Pe 1.5 22 13 0.8 0.4 0.8 0.17 
0.3 0.2 2 1 0.2 0.1 0.1 0.08 
2b1 Inner segments, rods and cones 21.9 1.67 
1.9 | | 0.08 
2b2 Inner segments, rods and cones 13.4 | | 2.42 
| 1.6 14.2 | 71 81 6.0 §.7 3.0 | 1.3 0.11 
2b3 Inner segments, rods and cones | 4.8 1.8 0.1 0.7 0.3 | 0.2 3.37 
1 0.19 
2b4 Inner segments, rods and cones 1.0 12.4 12.7 5.50 
| 0.1 a 0.8 0.24 
4 Outer nuclear 0.8 0.2 | 122 65 7.8 4.2 5.2 3.5 3.07 
0.1 0.0 6 6 0.8 0.2 0.2 0.2 0.13 
5° Outer reticular 3.7 2.0 225 259° 31.6 31.4 11.2 12.9 6.15 
0.6 0.8 8 17 2.2 0.9 0.6 0.7 0.35 
6b Inner nuclear §.1 3.64 105 191 4.1 14.9 7.0 11.8¢ 1.37 
0.6 0.4 4 19 0.1 0.4 | 0.3 0.4 0.02 
7 Inner reticular 15.3 9.0 161 | 396 11.3 30.9 9.2 13.5 1.84 
0.6 1.2 1 | 14 0.5 0.8 0.3 0.4 0.10 
8 Ganglion cell 9.8 3.6 75 =| 187 10.3 28.2 7.9 16.1 1.54 
0.7 0.6 | 5 | 21 0.2 $.4 0.3 0.9 0.12 
9 Fiber 11.8 | 95 | 140 20.5 14.4¢ 10.1 1.62 
0.9 | 6 | 12 0.9 1.6 0.7 0.11 
Average rabbit brain 10 | | 140 16 9 1.5 

















* Data from monkey M17. 


> Layer 5a only (naked axons) for monkey, full thickness for rabbit except as noted. 


¢ Outer portion of layer. 
4 Layer 6a plus 6b. 


Inner portion averaged 446 + 22. 


¢ Samples were from the bundle of myelinated fibers peculiar to the rabbit. 


to the first neuron. It does not seem likely that the significance 
of this abundance lies in the deficient blood supply to the first 
neuron, because in rabbit the rest of the retina, which is avascular 
throughout, is almost as low in glucose-6-P dehydrogenase as in 
the monkey. It is also difficult to see how this enzyme is related 
to lipid synthesis, because all portions of this first neuron are 
unusually low in lipid in comparison with other nervous tissues 
(1). The unusually high glucose-6-P dehydrogenase activity 
may be related to the needs of the outer segments, the photo- 
receptors. As mentioned, these structures are very poor in 
regard to every metabolic enzyme so far examined. Possibly 
TPNH or something formed with TPNH is a special substrate 
for the photoreceptors.® 


® The distribution of glucose-6-P dehydrogenase shows no ob- 
vious relationship to the pattern of deposition of formazan seen 
by Kuwabara and Cogan (15) when they exposed intact retina to 
tetrazolium with glucose plus TPN*. As the authors suggest, 
their results may reflect the distribution of enzymes concerned 
with the dehydrogenation of TPNH rather than the substrate de- 
hydrogenase proper. It also seems possible that substrate and 
coenzyme may not have been able to penetrate uniformly into the 
intact cells. 


Futterman and Kinoshita (16), using glucose-1-C™ and glu- 
cose-6-C"", could find little evidence for an active direct oxidative 
pathway in whole retina. 
the presence of pyruvate there was a substantial increase in the 
proportion of CO, derived from C, of glucose. This suggested 
to them that the direct oxidative pathway may be present but 
ordinarily not very active. MclIlwain (17) and others have 
pointed out repeatedly that isolated nervous tissue, unless 
electrically stimulated, has a lower metabolism than nervous 
tissue in situ. Possibly, the direct oxidative pathway in retina 
is only called on during nervous activity. 

It was seen above that 6-P-gluconate dehydrogenase, although 
very rich in the first neuron, is not nearly so abundant as glucose- 
6-P dehydrogenase. It is conceivable that there is an alternate 
pathway present for utilizing 6-P-gluconate in nervous tissue. 
McDougal et al. (18) have shown that among a large series of 
fiber tracts, glucose-6-P dehydrogenase and 6-P-gluconate de- 
hydrogenase in fact vary inversely. In this connection, it may 
be mentioned that although Kerly and Rahman (19) found little 
difference in the proportion of C: and C, of glucose converted by 
retina to COs, the lactate formed contained considerably more 
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carbon from Cz, than from C,;. Thus, C; may have been side- 
tracked without appearing as CO:. 
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through glycolysis than the homologous vascularized region in 
monkey. Similarly, rabbit retina in an emergency might need 



































































































































ified by The outer layers of the retina of rabbit and monkey correspond to draw more heavily than monkey retina on glycogen stores. 
rather closely in regard to content of enzymes measured, but the Noell and Chinn (20) discovered that the retina is very sus- 
as. inner layers show marked species differences (Tables I and II). ceptible to iodoacetate poisoning, and that this agent has its 
a These consist mainly of much higher levels in rabbit of phospho- _ greatest effect on the outer layers that contain the sensory cells. 
— fructokinase, isomerase, and phosphoglucomutase, suggesting Not only is function immediately interrupted by iodoacetate, 
Msg | greater capacity for glycolysis and glycogen phosphorolysis or but the outer layers may be completely destroyed without 
synthesis. It has already been reported that this zone contains serious damage to the rest of the retina (21, 22). This-was first 
1.51 more lactic dehydrogenase in rabbit than in the monkey (1). It interpreted to mean that the visual cells are more dependent on 
0.07 seems reasonable to suppose that this region in the rabbit which glycolysis than the cells of the deeper layers. However, it has 
0.17 is avascular may meet its metabolic needs to a greater degree been reported that oxygen consumption as well as glycolysis may 
0.08 be profoundly depressed in retina by iodoacetate (23, 24), 
1.67 T1201 2b a 5 3 7 TS 19 1A particularly if oxygen consumption is measured in bicarbonate 
0.08 1l2l3l4 a Iblalble rather than phosphate buffers (23). (The use of bicarbonate 
2.42 Oma (So) > ©) markedly increases the respiratory rate.) Similarly, a genetic 
0.11 ) ) retinal defect in rat retina, which destroys only the outer layers, 
a 35F 7 results in a nearly parallel loss in rates of glycolysis and oxygen 
5.50 consumption (25). Evidence from the distribution of lactic 
0.24 30F 9 dehydrogenase (1) as well as that of other enzymes of the gly- 
3.07 colytic cycle would suggest that in rabbit (the species first 
0.18 25 ; -— shown to have unusual sensitivity to iodoacetate), the cells lying 
6.15 MKefH deeper in the retina should be at least as dependent on glycolysis 
0.35 20 a as the visual cells. Consequently, Noell (26) now suggests that 
1.37 the sensory cells may owe their special iodoacetate sensitivity 
0.02 is | to the spatial separation of enzymes of glucose metabolism 
1.84 within those cells. The layer of axons (layer 5a) contains 
: - J exceedingly high levels of the enzymes of glycolysis, including 
a 12 the one most sensitive to iodoacetate, glyceraldehyde-P dehy- 
1.62 | J drogenase (12). Perhaps it is layer 5a that is most susceptible 
0.11 / 5 to iodoacetate. 
= It would be desirable to relate the chemical findings in the 
1.5 0 — — retina to the cytological structure. As seen in the electron 
Fic. 2. Distribution of glucose-6-P dehydrogenase in monkey microscope the outer segments, the photoreceptors proper 
and rabbit retina. The line widths have the same significance a8 consist of a pile of disks (27) or flattened sacs (28) with little 
in Fig. 1. Activities are recorded as moles of substrate oxidized .. / ‘ A : 
per kg of fat-free dry weight per hour (38°). The monkey retina 182 of either mitochondria or smaller particles. Apparently, 
is M 58 of Table Iand Fig.1. The rabbit retinaisR540f Table I. these specialized structures are able to function with very low 
TABLE II 
ond de Ratios of enzyme activities in retina 
oxidative Phosphoglucoiso- Glucose-6-P dehydro- 
yi cally in } Hexokinase merase Glucose-6-P dehydrogenase Glucose-6-P dehydrogenase Phosphoglucomutase genase 
: Phosphofructokinase Phosphofruc- Hexokinase Phosphofructokinase Phosphofructokinase 6-P-Gluconate dehy- 
se in the Layer tokinase dregennse 
suggested 
ik tot M R M R M R M R M R M 
ane bans 1 3.0 1.4 
> wales 2 | 1.4 27 1.3 1.8 0.50 8.5 
er 2b 1.5 2.5 12 14 1.9¢ 0.6 2.9 1.6 0.50 0.23 5.9% 
in retina 4 0.10 0.05 1 | 16 12 49 1.3 2.4 0.67 0.83 3.2 
5° 0.12 0.06 7 ll 8 9 id 0.55 0.35 0.41 5.1 
although 6b 1.2 0.24 26 13 0.18 0.31 0.23 0.08 1.70 0.79 0.68 
s glucose- 7 1.4 0.29 14 13 0.07 0.25 0.09 0.08 0.81 0.44 0.57 
alternate 8 1.0 0.13 7 7 0.10 0.30 0.10 0.04 0.77 0.57 0.67 
us tissue. 9 0.6 5 0.11 0.07 0.49 0.83 
: } 
bres Rabbit 0.7 9 0.15 0.09 0.56 1.0 
; brain 
n, it may 
und little * The sublayers 2b1, 2b2, 2b3, and 2b4 gave ratios of 0.8, 1.0, 4.3, and 33, respectively. 
verted by The sublayers 2b1, 2b2, 2b3, and 2b4 gave ratios of 10.3, 5.6, 6.2, and 5.9, respectively. 
bly more * Layer 5a only (naked axons) for monkey, full thickness for rabbit. 
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levels of the enzymes measured to date. Except for glucose-6-P 
dehydrogenase no values were greater than 15% of those of 
average brain. The inner segments of the rods and cones con- 
tain, in the outer portion where hexokinase is most concentrated, 
a dense collection of large mitochondria. It seems probable that 
hexokinase is associated with these mitochondria, although there 
are also present minor collections of smaller particles in the 
inner segment (28). Hexokinase of the central nervous system 
is insoluble (5). The nuclei of large sensory cells contain hexo- 
kinase although at half the concentration of the cytoplasm.” 
In the retina the rod nuclei must be practically devoid of hexo- 
kinase. 

The remainder of the outer neuron (fibers, fluid around the 
nucleus, and synaptic terminal) contains almost no solid particles 
visible in the electron microscope except for neuroprotofibrils 
and synaptic vesicles (29). The distribution of glucose-6-P 
dehydrogenase and 6-P-gluconate dehydrogenase is that ex- 
pected if they were evenly distributed in the cytoplasm, but 
excluded from the formed elements, including the nuclei. It 
will be noted that within the inner segment itself there is a 
reciprocal relationship between glucose-6-P dehydrogenase and 
hexokinase (Figs. 1 and 2) 7.e. the mitochondria in the outermost 
portion leave little room for cell sap. The high relative con- 
centration of isomerase, phosphoglucomutase, and phospho- 
fructokinase in the outer reticular layer suggests association with 
nondiffusible elements, possibly the synaptic vesicles. This is 
surprising, as these enzymes are found in the supernatant fluid 
of tissue homogenates fractionated by centrifugation. 

In the rest of the retina, it will be noted that the layers con- 
taining cell bodies and their nuclei tend to contain lower con- 
centrations of all the enzymes measured than the reticular and 
fiber layers. L 


SUMMARY 


1. Six enzymes concerned with glucose metabolism have been 
measured in histologically pure samples of 12 layers or sublayers 
of retina in monkey and rabbit. 

2. Hexokinase within the first neuron of the retina is almost 
entirely confined to the inner segments of the rods and cones. 
Phosphoglucomutase, phosphoglucoisomerase, and phospho- 
fructokinase are relatively concentrated at the opposite end of 
the cell. 

3. Glucose 6-phosphate dehydrogenase is exceedingly rich 
throughout most of the first neuron. Peak values are 10 to 30 
times those of average brain or of the rest of the retina. Parallel 
but less marked differences were found in the case of 6-phospho- 
gluconate dehydrogenase. 


10 Unpublished results. 
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4. The outer segments of the rods and cones are very deficient | 


in all the enzymes measured. 

5. The deeper retinal layers, containing the second and third 
neurons, are richer in rabbit than monkey in regard to phos. 
phoglucomutase, phosphoglucoisomerase, and phosphofructo. 
kinase. This species difference is associated with a difference 
in blood supply. 
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Among the various effects of administering ethionine to rats, 
the induction of a fatty liver was shown to occur in female but 
not in male rats (2,3). A similar sex difference was observed in 
the ethionine inhibition of hepatic protein synthesis (4). The sex 
difference in the ethionine-induced fatty liver has been attributed 
to the presence of androgens in the male, since orchidectomy 
makes the male susceptible, and the administration of androgens 
protects intact or ovariectomized females (3, 5). 

The correlation between the occurrence of the fatty liver and 
inhibition of hepatic protein synthesis led to the suggestion that 
the sex difference in the effects of ethionine upon hepatic protein 
metabolism was also mediated by the presence of androgens in 
the male (4). Ranney and Drill (6) reported that 17-ethyl-19- 
nortestosterone, a synthetic testosterone derivative, was espe- 
cially effective in preventing the induction of fatty livers by 
ethionine. The present experiments were designed to study the 
sex difference in the incorporation in vivo of radioactive ethionine 
into various proteins of rats, and to test the effects of castration 
and 17-ethyl-19-nortestosterone administration. 


EXPERIMENTAL PROCEDURE 


L-Ethionine-ethyl-C™ (0.98 me per mmole) was synthesized in 
this laboratory by Dr. D. Gross. pi-Leucine-1-C"* (2.5 me per 
mmole) was purchased from Research Specialties Company. 
17-Ethyl-19-nortestosterone (Nilevar) is a product of G. D. 
Searle and Company. Rats of the Long-Evans strain, main- 
tained on Wayne Lab Blox rat food and weighing from 200 to 
250 g, were used in all experiments. Castrated male rats were 
purchased from Diablo Animal Laboratories. 

Administration of Hormone—Rats weighing within 20 g of each 
other were divided into two groups of five animals. The hor- 
mone was administered to one group; the other group served as 
controls. The hormone group was treated by intramuscular 
injection daily for 8 days with a solution (25 mg per 100 ml) of 
17-ethyl-19-nortestosterone in a sesame oil-benzyl alcohol mix- 
ture (9:1). The total dose was 1.0 mg of the hormone per kg of 
body weight. The control group was injected with the same 
volume of sesame oil-benzyl alcohol mixture. On the 8th day, 


* Supported in part by funds from the American Cancer Society 
and the United States Public Health Service. A preliminary re- 
port of part of this work was presented at the meeting of the 
Federation of American Societies for Experimental Biology, April 
1961, in Atlantic City, New Jersey (1). 

t Fulbright Travel Grant Fellow. 


t Postdoctoral Research Trainee, United States Public Health 
Service. 


food was withdrawn and all animals were fasted overnight. On 
the 9th day, an aqueous solution of the radioactive amino acid 
was administered intraperitoneally and the animals were killed 
24 hours afterward by ether anesthesia. The castrated rats 
began to receive the hormone on the 8th day after castration. 
On the 16th day, radioactive ethionine was injected, and the 
animals were killed on the 17th day after castration. 

Preparation of Protein Samples—Liver microsomes were pre- 
pared by the method of Keller and Zamecnik (7), with minor 
modifications. The liver was rapidly removed from the animal 
and 3 g of the tissue were homogenized for 30 seconds in 7 ml of 
cold Medium A of Keller and Zamecnik in a Potter-Elvehjem 
homogenizer. The homogenate was centrifuged at 15,000 x g 
for 10 minutes in a Spinco model L preparative ultracentrifuge 
with a No. 40 head. The supernatant, excluding the fluffy coat, 
was carefully withdrawn with a needle and syringe, and then 
was centrifuged at 105,000 x g for 1 hour. The supernatant 
from this centrifugation was discarded and the sedimented micro- 
somal pellet was rinsed three times with 1-ml portions of Me- 
dium A. 

The microsomal pellet was treated with 10% trichloroacetic 
acid and the precipitate was washed once each with cold and hot 
5% trichloroacetic acid. The precipitate was then dissolved in 
1 ml of 98 to 100% formic acid and was oxidized for 30 minutes 
at room temperature, with the addition of 0.2 ml of 30% hy- 
drogen peroxide. This oxidation step served to minimize the 
nonspecific adsorption of radioactive compounds onto the pro- 
tein sample. The protein was reprecipitated from the oxidizing 
solution with 10% trichloroacetic acid. The precipitate was 
then washed once with warm alcohol, twice with a warm alco- 
hol-ether mixture (3:1), and finally once with ether. 

Total liver and pancreatic proteins were prepared by homogen- 
izing the tissue with acidic acetone (1 ml of concentrated hydro- 
chloric acid in 1 liter of acetone). The subsequent washing pro- 
cedure was the same as that used for liver microsomal protein. 

Radioactivity determination of the protein samples was car- 
ried out with a Packard Tri-Carb liquid scintillation counter. 
Protein samples were dissolved in scintillation solution with the 
use of Hyamine hydroxide. The amount of protein was esti- 
mated by directly weighing the samples in counting vials. 


RESULTS 


Sex Difference in Ethionine Incorporation in Vivo—In a 24- 
hour period, incorporation of radioactive ethionine into all of the 
protein fractions investigated was definitely greater in female 
rats than in male rats, whereas incorporation of radioactive leu- 
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TABLE I 


Sex difference in incorporation in vivo of radioactive L-ethionine 
and pt-leucine into various proteins 























| t-Ethionine-ethyl-C™“* pi-Leucine-1-C!“? 
Protein source Sex | : § l ‘ 
Specie activity | Diders] Specific, | Dies 
pre d.p.m.jmg | % | d.p.m./mg | % 
Liver microsome | F | 115 + 3.5¢ 524 + 42¢ | 
| M | 7243.8 | —37| 49444 | +5 
Total liver F | 64418 | 308 + 23 
| M | 38 + 2.9 | —41|/20 + 18 | -22 
| j 
| | 
Pancreas/ te ; 95 242 
| M | 7 | -18 | 238 | —2 
| 
2 3.5 umoles, containing 3.4 uc. 
61.5 umoles, containing 3.8 uc. 
¢ Specific activity is corrected to a 200-g rat weight. It is equal 


to observed specific activity X weight of rat in grams + 200. 

4 (Specific activity of male — specific activity of female) + spe- 
cific activity of female X 100. . 

¢ Mean of the values from five animals + standard error of the 
mean. 

/ Pancreas of five animals pooled. 


TaBLeE II 
Effects of castration of male rats and 17-ethyl-19-nortestosterone 
administration upon incorporation in vivo of radioactive 
L-ethionine* into various proteins 

















Difference 
Protein source Treatment Specific activity” rom 
_ control 
d.p.m./mg % 
Liver micro- | Control 72 + 3.8° 
some Hormone 57 + 10 —21 
Castration 112 + 8.0 +56 
Castration, hormone 69 + 3.1 —4 
t 
Total liver Control 388+ 2.9 | 
Hormone 34 + 3.5 —l1 
Castration 49 + 0.6 +29 
Castration, hormone 20 + 0.6 —47 
} | 
Pancreas? Control 78 
Hormone | 72 —8 
| Castration | 110 +41 
| Castration, hormone 82 +5 





@ 3.5 umoles, containing 3.4 uc. 

6 Specific activity is corrected to a 200-g rat weight. 

¢ Mean of the values from five animals + standard error of the 
mean. 

4 Pancreas of five animals pooled. 


cine showed no significant difference with respect to sex (Table 
I). Since no unequivocal interpretation can be made of these 
data with intact animals, an attempt was made to produce a 
similar difference in ethionine incorporation by castration of 
male rats and subsequent administration of an androgenic hor- 
mone. 

Effects of Castration and Hormone Administration—Castration 
of male rats resulted in considerable increase in ethionine incor- 
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poration into various protein fractions, and the administration 
of 17-ethyl-19-nortestosterone protected the animals against this 
castraction effect. 
male rats showed very slight or no decrease in ethionine incor. 
poration (Table II). Unpublished experiments! showed no sig- 





Administration of the hormone to intact | 


nificant effect of the hormone administration on intact male rats | 


upon the incorporation of radioactive leucine or methionine, 
Comparison of the results in Table II with those of Table | 
indicates that, upon castration of male rats, the ethionine incor. 


poration increases to the level of female rats, and administration | 


of 17-ethyl-19-nortestosterone to the castrated males brings the 
extent of incorporation down to the normal level of intact males, 


DISCUSSION 


The results of this investigation clearly demonstrate that a 
definite sex difference exists in the extent of ethionine incorpora- 
tion in vivo into the total liver and hepatic microsomal proteins, 
It should be emphasized that this effect is observed with doses of 


ethionine much smaller than those necessary to produce fatty 


livers. This sex difference corresponds to that observed in the 
fatty liver induction (2, 3), as well as in the inhibition of hepatic 
protein synthesis by ethionine (4), and suggests that these bio- 
chemical and morphological effects of ethionine are somehow 
interrelated. 

Although the mechanism of action of ethionine upon protein 
and lipid metabolism is not understood, the observed effect of 
ethionine toxicity may be due, at least in part, to the formation 
of abnormal enzyme proteins in the hepatic microsomes. The 


partial replacement of methionine by ethionine could lead to the | 
formation of functionally altered enzyme systems which are | 


1 ememre 


responsible for some phases of protein biosynthesis. This dis- | 
turbance of protein synthesis would, then, lead to disturbances | 


in lipid metabolism. That abnormal proteins are formed in the 
presence of ethionine was previously shown in this laboratory (8). 
However, this can hardly be the mechanism of action of ethionine 
in the present experiments because the dose of ethionine was so 
small that the amount of modified protein formed must likewise 
have been very small. 

The present demonstration of the effects of castration of male 
rats and subsequent administration of 17-ethyl-19-nortestoster- 
one upon ethionine incorporation in vivo coincides with the previ- 
ous observation of the effects of those treatments upon ethio- 
nine-induced fatty liver (3, 5, 6). This finding renders further 
support to the hypothesis that androgens play an important role 
in the sex-dependent action of ethionine (4). In view of the 
observation that incorporation of trace doses of methionine and 


leucine is the same in both sexes, it seems rather improbable that | 
androgens directly participate in some phase of protein bio- 


synthesis in such a manner as to influence the extent of the in- 
corporation of trace doses of ethionine. The possibility that 
androgens influence the rate of catabolic degradation of ethionine 
in the body is now under investigation. 

In the present study, sex difference in ethionine incorporation 
was observed in the pancreas, corresponding to that of liver. Of 
interest is the fact that no sex difference has previously been 
reported in ethionine-induced pancreatic malfunctions such as 
increase in protein synthesis (9) and production of acinar cell 
degeneration (10, 11). Whether this difference in the effect of 
ethionine indicates a different mode of action for various bio- 


1 Y. Natori and H. O. Trowbridge, unpublished results. 
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chemical processes within the pancreas, or whether it is a reflec- 
tion of the difference in ethionine action between the two differ- 
ent organs, remains to be determined. 


SUMMARY 


1, The incorporation in vivo of radioactive ethionine into pro- 
ieins of liver microsomes, total liver, and pancreas was found to 
be greater in female rats than in males, whereas the incorpora- 
tion of leucine is the same in both sexes. This sex difference 
corresponds to that previously described for the induction of 
fatty liver and the inhibition of hepatic protein synthesis by 


2. Castration of male rats resulted in greater incorporation of 
radioactive ethionine, comparable to the level of the intact fe- 
male, and subsequent administration of 17-ethyl-19-nortestos- 
terone to castrated males restored the extent of ethionine incor- 
poration to the level of the intact male. 
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